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Abstract 
The primary aim of this research was to develop a method for determining the true 
uniaxial tensile strength of concrete by conducting a series of cylinder splitting, 
modulus of rupture (MOR) and cylinder/cube compression tests. The main objectives 
were:  
 Critically reviewing previous published research in order to identify gaps in 
current knowledge and understanding, including theoretical and 
methodological contributions to the true uniaxial tensile strength of 
concrete. In order to maintain consistency and increase the reliability of the 
proposed methods, it is essential to review the literature to provide additional 
data points in order to add additional depth, breathe and rigor to Senussi’s 
investigation (2004). 
 The design of self compacting concrete (SCC), normal strength concrete 
(NSC) and high strength concrete (HSC) mixes and undertaking lab-based 
experimental works for mixing, casting, curing and testing of specimens in 
order to establish new empirical evidence and data. 
 Analysing the data, presenting the results, and investigating the application 
of validity methods as stated by Lin and Raoof (1999) and Senussi (2004). 
 To draw conclusions including comparison with previous research and 
literature, including the proposal of new correction factors and 
recommendations for future research. 
29 batches of NSC, 137 batches of HSC, 44 batches of fly ash SCC and 47 batches 
of GGBS SCC were cast and their hardened and fresh properties were measured.  
Hardened properties measured included: cylinder splitting strength, MOR, cylinder 
compressive strength and cube compressive strength. A variety of rheological tests 
were also applied to characterise the fresh properties of the SCC mixes, including: 
slump flow, T50, L-box, V-funnel, J-ring and sieve stability. Cylinders were also 
visually checked after splitting for segregation.  
The tensile strength of concrete has traditionally been expressed in terms of its 
compressive strength (e.g. ft = c × cf ). Based on this premise, extensive laboratory 
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testing was conducted to evaluate the tensile strength of the concretes, including the 
direct tension test and the indirect cylinder splitting and MOR tests. These tests 
however, do not provide sufficiently accurate results for the true uniaxial tensile 
strength, due to the results being based upon different test methods. This 
shortcoming has been overcome by recently developed methods reported by Lin and 
Raoof (1999) and Senussi (2004) who proposed simple correction factors for the 
application to the cylinder splitting and MOR test results, with the final outcome 
providing practically reasonable estimates of the true uniaxial tensile strength of 
concrete, covering a wide range of concrete compressive strengths 12.57 ≤ fc ≤ 
93.82 MPa, as well as a wide range of aggregate types. The current investigation 
has covered a wide range of ages at testing, from 3 to 91 days. Test data from other 
sources has also been applied for ages up to 365 days, with the test results reported 
relating to a variety of mix designs. 
NSC, SCC and HSC data from the current investigation has shown an encouraging 
correlation with the previously reported results, hence providing additional wider and 
deeper empirical evidence for the validity of the recommended correction factors. 
The results have also demonstrated that the type (size, texture and strength) of 
aggregate has a negligible effect on the recommended correction factors. The 
concrete age at testing was demonstrated to have a potentially significant effect on 
the recommended correction factors.  
Altering the cement type can also have a significant effect on the hardened 
properties measured and demonstrated practically noticeable variations on the 
recommended correction factors. The correction factors proved to be valid regarding 
the effects of incorporating various blended cements in the HSC and SCC. The NSC, 
HSC and SCC showed an encouraging correlation with previously reported results, 
providing additional support, depth, breadth and rigor for the validity of the correction 
factors recommended.   
Keywords: True uniaxial tensile strength, correction factors, self compacting concrete 
(SCC), modulus of rupture (MOR), high strength concrete (HSC) 
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Chapter 1: Introduction 
1.1 Tensile strength of concrete 
According to the majority of reinforced concrete design standards such as BS EN 
1992-1-1:2004, the tensile strength of the concrete is ignored when calculating the 
capacity of a structural element, with the steel reinforcement typically designed to 
carry the entire tensile load. This supposition (i.e. the negligibility of the tensile 
strength of concrete) can be thought acceptable for structural design purposes, 
because the concrete below the neutral axis is assumed not able to carry any 
tension. In practice however, because when the concrete is subjected to tensile 
stresses, then cracks appear. Moreover, these tensile stresses can propagate these 
tensile cracks. In addition, crack propagation can also be the result of other reasons 
such as lack of deflection control or thermal development (Popovics, 1998). 
By considering the effects of tensile strength, the need for a precise consideration of 
the behaviour of concrete under its tensile stresses is required. There are however, 
some applications where the tensile strength of the material is a critical performance 
criteria. Cracking of concrete is particularly an issue with critical structures like 
nuclear power stations, water retaining structures, as well as the issue of consumer 
panic with cracking occurring within buildings. These cracks may result from the 
incorrect estimation of the tensile strength of concrete (Clay et al., 2006). Many 
studies have investigated the behaviour of concrete and the compressive and tensile 
stresses exerted on concrete dams during an earthquake (Raphael, 1984). Tensile 
failure can be considered as a critical failure in the design of the dam structure. In 
normal concrete, the propagation of cracks can be controlled by a steel mesh. 
However, for massive structures like dams, it is not possible to insert reinforcement 
bars in the design, as they are constructed as mass concrete structures. Therefore, 
these mass structures need to resist the tensile forces from seismic loading. As a 
result, poor dam performance because of a poor understanding of the tensile 
strength of the concrete can lead to catastrophic results. 
For instance, the St. Francis Dam in California (United States) was a mass concrete 
arch dam completed in 1926 and is an example of the tensile failure of a mass 
concrete dam, which caused the deaths of more than 450 people. Engineers working 
with dams rely on the tensile strength of concrete as it is not cost effective to specify 
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the huge amount of steel needed to resist the tensile forces in a dam. The movement 
and shaking of the base (foundation) of the dam led to the development of the cracks 
at the surface of the dam (Pattinson, 1998). The design of concrete pavements, e.g. 
for highways or airports, also requires a precise understanding of the tensile 
behaviour of concrete. Unreinforced concrete pavements should be able to sustain 
the loads applied by large aircraft and heavy vehicles (i.e. heavy loads) without 
cracking.  
It is an essential requirement to have a comprehensive and precise calculation to 
measure the true uniaxial tensile strength of concrete to ensure that the design of 
such structures is fit for purpose. Literature contains numerous reports of tensile 
strength tests of concrete under different test methods and conditions, with a 
confusing variety of results. The main aim of this research is to determine the true 
uniaxial tensile strength of concrete by carrying out a series of cylinder splitting tests, 
modulus of rupture (MOR) tests and cylinder/cube compression tests. 
Fundamentally, accurate measurement of the tensile strength of concrete is not 
easy, because the measured tensile strength is dependent on the test methods and 
the type and size of specimens. Table 1.1 summarises the list of test methods which 
have been developed over time to determine the uniaxial tensile strength of 
concrete. 
Table 1.1: Common tests for determination of the tensile strength of concrete 
Year Test method 
Chen (1970) Double Punch Test - Indirect 
Rosenhaupt (1958) Cube Splitting Test - Indirect 
Akazawa (1953) Cylinder Splitting Test – Indirect 
Talbot (1920) Flexural Test (MOR) – Indirect 
Talbot (1904) Direct Pull Test (Direct Tension Test) 
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1.2  Research aim and objectives 
The main aim of this research is to develop a method for determining the true 
uniaxial tensile strength of concrete by carrying out a series of cylinder splitting, 
modulus of rupture (MOR) and cylinder/cube compression tests. The research 
utilises the simple correction factors proposed by Lin and Raoof (1999) and Senussi 
(2004) which aimed to overcome the shortcomings associated with the closed form 
formula used in the Brazilian concrete splitting test (Akazawa,1953) and the MOR 
test (ASTM C78-94, 1994). 
The research comprised of four stages, representing the main objectives of the 
research: 
1. Critically reviewing previous published research in order to identify gaps in 
current knowledge and understanding, including theoretical and 
methodological contributions to the true uniaxial tensile strength of concrete. In 
order to maintain consistency and increase the reliability of the proposed 
methods, it is essential to review the literature to provide additional data points in 
order to add additional depth, breathe and rigor to Senussi’s investigation 
(2004). 
2. The design of SCC, NSC and HSC mixes and undertaking lab-based 
experimental works for mixing, casting, curing and testing of specimens in order 
to establish new empirical evidence and data. 
3. Analysing the data, presenting the results, and investigating the application of 
validity methods as stated by Lin and Raoof (1999) and Senussi (2004). 
4. To draw conclusions including comparison with previous research and literature, 
including the proposal of new correction factors and recommendations for future 
research. 
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1.3  Structure of the thesis 
The completed research comprises seven main chapters which forms the 
structure of the thesis: 
Chapter 1 provides the main background regarding previous research and 
knowledge concerning the tensile strength of concrete. The main aim and objectives 
of the present investigation are outlined here. 
Chapter 2 reports an in-depth critical review of literature pertaining to the three main 
test methods for tensile strength (i.e. direct pull test, modulus of rupture (MOR) and 
cylinder splitting test). 
Chapter 3 presents a comprehensive comparative review and gap analysis of 
current literature in order to generate additional secondary data for the further 
support of the correction factors proposed in this investigation. 
Chapter 4 outlines the methodological procedure of the experimental studies (e.g. 
mix design, type of materials, mixing, casting, curing and testing regimes). 
Chapter 5 presents the raw data obtained from the experimental studies described 
in Chapter 4. 
Chapter 6 presents an analysis and discussion of the experimental results 
presented in Chapter 5 together with the secondary test data reported in Chapter 3. 
Chapter 7 presents conclusions and recommendations for future research. 
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Chapter 2: Review of literature relating to the tensile strength of 
concrete 
2.1 Introduction 
The tensile strength of concrete (ft) has long been expressed in terms of its 
compressive strength (e.g. ct fcf  ). Based on this premise, significant past 
laboratory testing has been conducted to evaluate the tensile strength of concrete. 
Test methods used include the direct tension test and the indirect cylinder splitting 
and flexural tests. Unfortunately, it is widely known that these tests do not provide 
accurate values for the uniaxial tensile strength, with the results being based on 
different test methods, even when allowing for the inherent variability of concrete as 
a material (Lin and Raoof, 1999). Recently Lin and Raoof (1999) and Senussi (2004) 
have proposed simple correction factors for application to the cylinder splitting and 
the MOR test results, to provide practically reasonable estimations of the true 
uniaxial tensile strength of concrete. 
2.2 Direct test methods 
Direct tensile testing of concrete was the first technique (developed by Talbot, 1904) 
to measure the tensile strength of concrete. The direct test method is conducted with 
a similar method to that for metals (Figure 2.1). A uniformly distributed tensile axial 
load is applied to both ends of a concrete sample (cylinder or prism) up to failure 
point (P), then, the tensile strength (ft) of the concrete can be obtained by dividing 
the failure load (P) of the specimen by the area (i.e.
A
Pfd  ).  
As compared to other testing methods (i.e. cylinder splitting test and flexural test), 
the direct tensile test can produce the closest value to the true uniaxial tensile 
strength of concrete due to applying pure uniaxial tension to both ends of sample.  
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                                                                                                                                     (P: Tensile force) 
Figure 2.1: Direct tension test 
This test method is not recommended in codes of practice due to the impracticality of 
test preparation (i.e. setting). The direct tensile test uses a tension machine which is 
excessively sensitive to loading procedures (Figure 2.2). In the direct pull test, tensile 
forces are applied to both ends of a specimen by gripping devices. The stress 
concentrations near these gripping devices can induce premature failure at the ends 
of the specimen (Davies and Bose, 1968, and Neville, 1977). Moreover, during the 
testing process, a slight eccentricity causes a moment which makes the distribution 
of the stress non-uniform across the concrete section (discussed later in the 
following section).  
 
Figure 2.2: Photo of direct tension test apparatus (Swaddiwudhipong et al., 2003) 
In the test method developed by Talbot (1904), a truncated cone or embedded 
reinforcement bar was used to apply the uniaxial tensile load. In each of these 
methods, during the gripping, premature failure occurred near the ends of the 
specimen rather at than the centre, whose effect could have been caused either by 
stresses applied by the clamp or the misalignment of the applied load, or a 
combination. Proposals from Talbot (1904) for overcoming the above shortcomings 
include: 
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 Reduce the section size of the central part of the specimen 
 Test horizontally rather than vertically due to the specimen self-weight 
Gonnerman and Shuman (1928) introduced the first development to try and 
overcome these problems. Bolted steel strap grips with leather friction surfaces were 
used to hold and pull the surfaces of the specimens, although they identified that the 
test procedure was commonly unsuccessful as approximately 60% of the test 
samples failed at their grips (Figure 2.3). The shaded area shows the stress 
distribution of the cylinder specimen along the cross section A-A: 
 
 
 
 
 
 
 
                                       (P: Tensile forces) 
                                               A-A: Cross section 
Figure 2.3: Persuaded stresses caused by clamping stresses (Zheng and Lee, 2001) 
Evans (1946) performed an investigation into the direct test method, consisting of 
500 small scale briquette direct tension tests specimens. Metal jaws were used to 
grip the specimen in place and by using extensometers the eccentricity in the loading 
was measured on all sides of the specimen. The investigator concluded that the 
existence of the eccentricity was the main reason for the inaccurate results, stating 
that “this is impossible that the axis of the load and the axis of the specimen to be in 
the same axis during the direct tension test”. This development did not solve the 
shortcomings of the direct tension test methods developed by Talbot (1904), hence 
this method was only utilised for simple specimens.  
Later, another development was introduced to decrease the secondary stresses 
produced by the gripping devices at both ends of the specimen. An epoxy resin was 
used to transfer the load to both ends of the specimen rather than the traditional 
clamps, hence reducing the secondary stresses. Although this method did not 
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succeed in decreasing the stress induced by the eccentricity of the applied load, it is 
one of the most reliable methods of applying tension without inducing any secondary 
stresses (Popovics, 1998 and Elvery and Haroun, 1968).  
Zheng and Lee (2001) proposed the most commonly used test method today. A steel 
plate can be attached with glue to the specimen, then, the sample can be subjected 
to the tensile forces (P) as illustrated in Figure 2.4, which shows the stress 
distribution of the cylinder specimen along the cross section A-A: 
                                                                 (P: Tensile forces) 
A-A: Cross section 
Figure 2.4: Stress distribution of the cylinder specimen along the cross section A-A                     
(Zheng and Lee, 2001) 
According to Figure 2.4, the distribution of stress at the centre of the section is higher 
than the distribution of stress at the edge of the section; hence a uniform load is not 
achieved via the Zheng and Lee (2001) method.  
Todd (1955) suggested a significant modification to develop the direct test method. A 
standard cylindrical concrete containing reinforcement (i.e. reinforcement has been 
cast in the centre of the cylinder) was used to obtain the tensile strength. The strain 
of reinforcement can be obtained by a strain gauge attached to the reinforcement 
bar. An axial tensile force is applied to the reinforcement bar up until the failure point 
of the concrete. This method demonstrates that the difference between the total 
applied load and the load carried by the reinforcement (measurable by the strain 
gauge) leads to the load carried by the concrete, hence the tensile strength of the 
concrete is measured from the applied load (Todd, 1955). Although this development 
can remove the initial imperfection of the Talbot (1904) method (i.e. clamping), it 
does require highly skilled labour and a great deal of time. 
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The studies of Nianxiang and Wenyan (1989) and Phillips and Binsheng (1993) were 
based on developing a method to eliminate the end effects in the direct test method. 
They made the central portion of the specimen narrower, hence, the force which 
causes the tension failure occurs away from the ends and towards the middle (where 
the stresses are more uniform).  
Hughes and Chapman (1966) and Zhen-hai and Xiu-qin (1987) conducted 
investigations into improving the high strength adhesives which can obtain concrete-
steel bond strengths much higher than the strength of the concrete itself and used 
this method to bond the specimen to the direct tensile test machine, helping reduce 
the end effect. The investigators noted that there were no cases of end failures but 
the existence of the non-uniform loading distribution was still the main concern.  
Kadlecek and Spetla (1967) used adhesive to bond concrete cylinders of different 
sizes to the end plates of a direct tensile testing machine to evaluate the influence of 
the size on direct tensile strength, hence showing that the “direct tensile strength 
decreases as an inverse power function with increases in the volume of the 
specimen”. The proposed relationship was not influenced by the type of the 
specimen and the type of aggregate consumed in the concrete mixes.    
The U.S Bureau of Reclamation (1992) developed the bonded plate method. In this 
method, a double bonded plate was utilised rather than a single bonded plate (Figure 
2.5). Although the applied load to the specimen became closer to the surface of the 
section, the existence of the non-uniform loading distribution was still the main 
concern. The sample can be subjected to the tensile forces (P) as illustrated in 
Figure 2.5 which shows the stress distribution of the cylinder specimen along the 
cross section A-A: 
                                                                           (P: Tensile forces) 
A-A: Cross section 
Figure 2.5: Improved stress distribution of the cylinder specimen along the cross section A-A         
(U.S Bureau of Reclamation, 1992) 
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Blumel (2000) modified the direct tension test by the application of the direct tension 
through a compression testing machine on a cylinder specimen. By using this 
method, the unidirectional tensile strength can be produced in the cylinder sample. 
This method was implemented by Plinninger et al. (2004) and encouraging results 
were obtained (i.e. ones that were very close to the true tensile strength). This 
method however, has not been recommended in any codes of practice.  
Slowik et al. (1996) conducted a study on the direct tension test as well as the 
cylinder splitting test so that the results could be compared. As the test was on a 
large scale, “two independently controlled actuators were used to ensure a 
homogeneous tensile field and to avoid secondary flexural stresses”. The sizes of 
the specimens were 1016x762x254 mm. The tensile strengths obtained from the 
direct tensile test were approximately half of that from the cylinder splitting test. Even 
though there was a significant difference, the investigators claimed that this could be 
“in accordance with the size effect law” (Slowik et al., 1996), describing that “the 
specimen had notches leading to stress concentrations and thus possibly a lower 
apparent tensile strength”. This investigation was not completely clear, especially as 
the results were also being compared to a wedge test, which is not a standard test. 
The direct test method is conducted with a similar method to that used for metal. 
Basically, the metal is a ductile material, so, by applying tensile forces to both ends, 
the stress distribution would be completely uniform (Figure 2.6), and hence, the 
ultimate load (P) divided by the cross sectional area (A) would be defined as the 
tensile strength (ft): 
                           
Figure 2.6: Direct tension method for metal 
However, this method cannot be applied to concrete due to the brittleness of the 
specimens. As shown in Figure 2.7, the axis of the tensile loads (P) and the axis of 
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the specimen are very rarely on the exact same position, hence, this imperfection 
can create an eccentricity (e), and hence a moment (M=P×e). 
 
Figure 2.7: Eccentricity of axial loads in direct pull test 
This moment does not matter in steel due to its ductility, but this moment makes the 
distribution of the stress non-uniform across the concrete section. To obtain an 
accurate result, the stress distribution must be uniform across the section, but in 
practice because of this moment and also the brittleness of concrete slight cracks 
can occur. As a result, the distribution of stress becomes non-uniform. It is not 
possible to obtain the force acting through the exact centre of axis of the specimen, 
because of the existence of the eccentricity; hence, the direct test method is not a 
completely reliable way to measure the true uniaxial tensile strength. The lack of a 
reliable method (i.e. direct method) has clearly highlighted the need for indirect test 
methods: including the MOR (flexural test) and cylinder splitting test.  
2.3 Modulus of rupture (MOR) 
2.3.1 Overview 
In the 1920s, the modulus of rupture (MOR) was simply determined from the load at 
failure of the plain concrete. Studies were conducted to examine the influences of 
the variations in the concrete mixes, age and many other factors (Abrams, 1922, and 
Gonnerman and Shuman, 1928). Consideration of the difficulty and problems 
involved in using the direct tension test to obtain the tensile strength of concrete led 
to the development of the flexural test. A problem was raised when the results of the 
direct tensile strength were compared with the results of the MOR and they did not 
match (Neville, 1977). Neville (1977) identified that the tensile strength derived from 
the flexural test is higher than that obtained from the direct tensile test when using 
concrete cast from the same batch.  
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The tensile strength is not applied uniformly all over the area of the plain concrete 
section; hence, the MOR test is classified as an indirect method test. The flexural 
strength test is conducted on structures that will be loaded in bending rather than 
direct tension e.g. highways and airport runways.  
When a rectangular beam (block) is bent (Figure 2.8a), it endures a range of 
stresses across its depth (Figure 2.8b). At the edge of the beam on the inside of the 
bend (i.e. concave face (B)) the stress would be at its maximum compressive stress 
value (i.e. the load can cause expanding of the central region, so the centre of the 
beam experiences the maximum bending moment). At the outside of the bend (i.e. 
convex face (A)) the stress will be at its maximum tensile value.  
 
Figure 2.8: (a) A rectangular beam under bending, extreme fibres at B (compression) and A (tension) 
and (b) Stress distribution across beam (assuming elastic behaviour) 
These inner and outer edges of the rectangular beam are known as the “extreme 
fibres”. Most materials fail under tensile stress before they fail under compressive 
stress, hence the maximum tensile stress value that can be sustained before the 
beam fails is its flexural strength (i.e. because there is no reinforcement to resist 
against flexural stresses, the concrete will suffer all these stresses). Fundamentally, 
the tensile stresses are parallel to the bottom surface of the concrete (Sekhar and 
Rao,  2008). 
2.3.2 Effect of different testing methods and size effects 
In accordance with BS EN 12390-5:2000 and ASTM C78-94 (1994) a rectangular 
beam (block) with the dimension of 500x100x100mm or 750x150x150 mm is used 
for the flexural strength test respectively. There are two varieties of test method: 
central point loading or symmetrical four-point loading supported between two rollers 
(Lamond, 2006).  
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Central point loading 
For a rectangular prism under a central load in a three point bending setup (Figure 
2.9).  
                                                                                (L: Effective length) 
                                                                                                                   (P: Load) 
Figure 2.9: Central point loading setup and stress diagram 
The entire load (P) is applied to the centre of the span and the maximum stresses 
are presented only in the centre of the span. The following formula and input 
parameters can be used to calculate the tensile strength of concrete (Equation 2.1):  
                     (2.1)
 
where, 
fr is the flexural strength (N/mm2) 
P is the load (force) at the fracture point (N) 
L is the length of the support span (i.e. effective length) (mm) 
b and d are breadth and depth respectively (mm) 
Symmetrical four-point loading  
For a rectangular sample (block) under symmetrical loads in a four point bending 
setup (Figure 2.10): 
                                                                               (L: Effective length) 
                                                                                                            (P: Load) 
Figure 2.10: Symmetrical four-point loading setup and stress diagram 
2r 2bd
3PLf 
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The external symmetrical loads are applied perpendicular to the surface of the beam 
(avoiding any eccentricity). The block and supports have to be free to move so that 
the point of the load being applied can be adjusted (Bazant and Novak, 2001). 
The maximum stresses are presented over the central third (i.e. the loading span is 
one-third of the support span). The following formula and input parameters can be 
used to calculate the flexural strength of concrete (Equation 2.2):  
                      (2.2)
 
where, 
fr is the flexural strength (N/mm2) 
P is the load (force) at the fracture point (N) 
L is the length of the support span (i.e. effective length) (mm) 
b and d are breadth and depth respectively (mm) 
It should be noted that Equation 2.2 is only valid if the rectangular beam fails in the 
central third of the test length. Beyond this condition, the following formula would be 
used to obtain the flexural strength of concrete (Equation 2.3): 
                   (2.3)
 
where, 
fr is the flexural strength (N/mm2) 
P is the load (force) at the fracture point (N) 
b and d are breadth and depth respectively (mm) 
a is the distance from the failure crack to the nearest support (mm) (it should be 
noticed that ‘a’ should not be greater than 5 % of the test span) 
It should be noted that there is a difference between the magnitude of the failure 
stress for symmetrical four-point loading and central point loading, whereby the central 
point produces a larger values. The symmetrical four-point loading results in 
approximately 10% lower strengths than the central point loading due to the maximum 
moment being distributed over a greater length of the beam (Carrasquillo, 1994 and 
Meyer, 1963). Additionally, Wright and Garwood (1952) discovered the same concept 
and identified that the symmetrical four-point loading resulted in approximately 20-
25% lower strengths than the central point loading. It is related with the fact the length 
2r bd
PLf 
2r bd
3Paf 
 15
of the specimen subjected to the maximum moment and characterized is bigger in the 
case of the four-point bending test in comparison with that of the three-point bending 
test.   
Kellerman (1993) identified that different test methods, either central point loading or 
symmetrical four-point loading, can produce test results which vary with one another, 
with variations of 15%.  
Flexural strength (fr) obtained using Equations 2.1 and 2.2 or 2.3 have been 
developed from the simple theory of bending. There are some assumptions for these 
equations (Neville, 1995): 
 The material is homogenous 
 The material being tested is elastic 
 The section is symmetrical about its bending axis 
 Plane sections remain plane after bending and,  
 Only transverse loads are applied. (Neville, 1995) 
However, Equations 2.1, 2.2 and 2.3 always overestimate the flexural strength of 
concrete because the method is based on the elastic beam theory and also the 
assumption that the concrete stress-strain relationship is linear throughout the section 
of the specimen. Raphael (1984) proved that the correct value of the true tensile 
strength is approximately three quarters of the theoretical MOR. Also, Mindess and 
Young (1981) stated that the MOR overestimates the true tensile strength of concrete 
by approximately 50 to 100 %. This overestimation can also be due to the 
development of microcracks within the specimen when the load is applied. This is 
because it is really difficult for testing machines to find a true value (due to micro 
cracking) to express the load that the specimen fails at (Oluokun, 1991). Additionally, 
the non-linear stress state of concrete in the tension zone of the specimen can be 
another reason for this overestimation because concrete is a non-linear material 
(Davies and Bose, 1968). The largest difference between assumed and actual occurs 
at the extreme fibres of the beam and this is the position that the calculation of the 
tensile strength occurs. Moreover, it is difficult to develop a relationship which is based 
on the concrete being a homogeneous material. By considering the behaviour of the 
concrete at the failure point, it is not possible to return to its original state once the 
load is removed.  
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Ramakrishnan et al. (1967) conducted a comprehensive study to compare the results 
of the different methods and also to investigate their uniformity. 600 specimens were 
tested at 28 days strength. 
 
Figure 2.11: Comparison of different methods of tension test (Ramakrishnan et al., 1967) 
Figure 2.11 shows a comparative analysis of tensile strength test against cube 
compressive strength. The investigators identified that MOR does not produce the 
true tensile strength of concrete and represents the highest value of tensile strength. 
The MOR results are approximately 1.3 to 2 times the cylinders splitting strength. 
They concluded that the splitting test was more satisfactory as it produce more 
uniform and consistent results compared to the other tensile strength tests.  
The MOR is seen to produce values higher than other test methods such as the 
direct test and cylinder splitting test (Ramakrishnan et al., 1967). Neville (1995) 
stated that the way in which the load is applied to the concrete can be taken into 
account regarding the overestimation of the tensile strength through the MOR test. 
Basically, in direct pull testing, the tension is applied equally (i.e. evenly) over the 
section of the cylinder, and the same occurs in the splitting test, the cylinder is 
subjected to a roughly evenly distributed load across the cylinder section. However, 
this is not the case with the flexural test. In the MOR test, only a small section of the 
beam (particularly at the extreme fibres) is subjected to the high stress which causes 
the failure of the beam. According to the weak link theory stated by Carpinteri (1989), 
the larger specimens (in terms of their dimensions) are more likely to fail compared 
to the smaller specimens. It means, when the volume of concrete increases, the rate 
of imperfections which can cause failure also increase. Consequently, the MOR has 
a small area which is subjected to high stresses, hence the likelihood of a failure is 
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reduced, and as a result the strength is increased. Further, the propagation of the 
cracks across the section of the beam can cause failure of the beam. Neville (1995) 
stated that when the beam has a low stress area, it is difficult to fail (i.e. the 
prevention of cracks spreading up from the high stress area can cause the 
overestimation of the tensile strength).  
Zi G Oh and Park (2008) proposed a new method for testing for biaxial tensile 
strength of concrete. Zi G and Park (2008) identified that the biaxial flexure tests 
produce a higher tensile strength than the current MOR method.  
Ghaffar et al. (2005) identified that the MOR test and cylinder splitting test does not 
give the true tensile strength of concrete. The investigators suggested that the true 
tensile strength of concrete should be measured via an ideal uniaxial direct test 
(described in section 2.2).  They designed a specimen in the shape of the mould 
(resembled the dumb-bell or bobbin), including six divisible parts (Figure 2.12): 
 
Figure 2.12: An ideal uniaxial direct test (Ghaffar et al., 2005) 
The upper and lower cones were utilised for the testing and the middle cone was 
removed to resist against the external load. The hooks were inserted in the holes 
and U-bar was passed through the ring and held in the testing machine. The tensile 
strength (ft) is then calculated from the failure load using Equation 2.4: 
ft = P/A      (2.4) 
where, P is the failure load and, A is the area of web at failure point. The obtained 
results represent that the tensile strength measured by splitting cylinder test is 50% 
more than direct tensile strength test which is very high compared to anticipated 
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value of 5 to 12% higher than direct tension test postulated by Neville (1995) and the 
direct tensile strength of concrete is about 30 % higher than the MOR.  
According to ASTM C78-94 (1994), the specimen being tested can have various 
beam dimensions (Lamond, 2006). The accuracy of the MOR test with varying 
dimensions has been questioned by a number of investigators, particularly Bazant 
and Planas (1998). The ASTM C78-94 (1994) code recommends that the proportion 
of the beam dimensions might be critical in the calculation of the MOR. However, 
after an extensive investigation regarding the effects of size on the MOR test, it has 
been proved that the dimension of the specimen (rather than the proportions of the 
beam dimensions) are very important in calculating the tensile strength of concrete 
from the MOR (Bazant and Planas, 1998).   
Bazant and Novak (2001) identified that the results from the current formulas utilised 
to obtain the uniaxial tensile strength may have as much as 60%-100% error in some 
cases. The investigators suggested that the available standards for the MOR test 
considered including considerations for the effect of the size of the specimens. 
Bazant and Novak (2001) suggested that by looking at an average of different 
samples and applying the formula the size effect can be determined which is 
deemed important due to the proven effect of specimen sizes on the flexural strength 
found. The investigation is conducted based upon many different aspects of data 
including numerical analysis, analytical analysis and laboratory experiments. 
However, the proposed formula is complicated and it would be difficult to conduct all 
of the necessary testing to determine the size effect. 
Kellerman (1993) identified that the tensile strength of concrete decreased with 
increasing span, however, Reagel and Willis (1931) found out that there is no impact 
on tensile strength with varying spans.  
2.3.3 Effect of loading rate  
According to BS 1881 Part 118 (1983), a suitable loading rate for the MOR test is 
between 0.02 and 0.10 MPa/s. However, ASTM C78-94 (1994) for the same test 
specifies between 0.014 and 0.020 MPa/s, hence the loading rates for the two 
standards do not overlap. 
Wright and Garwood (1952) and Nielsen (1954) conducted investigations into the 
effect of rate of loading on the measured values of MOR. They have identified that 
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the rate of loading can influence the measured value of the MOR, “the greater the 
applied rate of loading, the greater the measured value of failure load”. Wright and 
Garwood (1952) discovered that the MOR and logarithm of the rate of application of 
stress has the relationship in the form of ‘y = mx + c’. Wright and Garwood (1952) 
recommended that increasing the load from 0.0023 MPa/s to 0.1309 MPa/s can 
increase the MOR approximately 15%.  
This relationship (y = mx + c) was approved by Nielsen (1954) and McNeely and 
Lash (1963) who proposed the following relationship (Equation 2.5).  
fr = A + log10 R             (2.5) 
where, 
fr is MOR in psi 
R is rate of loading in psi per minute at rate of loading up to 1000 psi per minute 
A= 400 (the constant A has the same units as the MOR) 
2.3.4 Effect of aggregate size, water/cement ratio and curing conditions 
Most of the main parameters which can influence the compressive strength can also 
effect the direct tensile strength and flexural strength (Gonnerman and Shuman, 
1928). The associated effect can be the same way but in different degrees. The 
water/cement ratio has been specifically selected as a factor which can have 
significant effect on the strength of concrete. For measured values of the MOR, 
direct tensile strength and compressive strength, strength versus water/cement ratio 
curves were plotted by different investigators. Comparisons of these three plots have 
showed similar variations. Additionally, the size of aggregates and grading influence 
the strength of concrete due to their impact on the amount of the water required to 
obtain the desired concrete consistency (Kaplan, 1959).   
Kellerman (1993) investigated how altering the size of the aggregate can influence 
the value of the flexural strength of concrete. He found that with the same 
water/cement ratio the flexural strength was higher when using smaller aggregate. 
Also, with the smaller aggregate size the variability of the flexural strength results 
decreased. 
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Wright and Garwood (1952) identified that with the same mix design, the flexural 
strength and compressive strength of concrete increased with increasing loading 
rate. Hence, constant loading rates have to be maintained to obtain reliable results. 
It was identified that the most crucial parameter which can influence the MOR was 
the modulus of elasticity of the aggregates, as the stiffer aggregate could deform 
less than softer aggregates, hence, the concrete would be stronger (Kaplan, 1959).  
Walker and Bloem (1960) investigated the influence of the absorption properties of 
the aggregates on the tensile strength of the concrete. They concluded that for any 
ratio of water/cement, consumption of the larger aggregate sizes caused a 
decreasing amount of the anticipated maximum compressive strength.   
The MOR test is sensitive to variations in the curing conditions. Also, the amount of 
moisture is one of the crucial factors at the time of testing. According to BS 1881 
Part 118 (1983), the testing specimens have to be cured at 20° C ± 2° C. Khan et al. 
(1996) conducted a study to examine the influence of variations in the curing 
conditions on the surface of a beam, within a beam, and around a beam, on the 
measured value of the MOR. They concluded that the MOR decreased in magnitude 
for samples subjected to the surface drying conditions.  
2.4 Cylinder splitting test (Brazilian splitting test)     
2.4.1 Overview 
The cylinder splitting test is one of the most common indirect tests for measuring the 
tensile strength of concrete (Popovics, 1970). It was developed firstly in Brazil by 
Carneiro and Barcellos (1953), and developed independently by Akazawa (1953) in 
Japan. There are different types of splitting tests which have been developed: the 
cylinder splitting test, the cube splitting test, the diagonal cube splitting test and the 
prism split test, however some of them are not commonly used (Nilsson, 1961). 
Nilsson (1961) compared splitting test methods and concluded that cylinder test 
results can provide a proper predication of the tensile strength compared to other 
methods (i.e. the cube splitting test and the diagonal cube splitting test). Basically, 
the ideal cube splitting test requires the application of a perfect line to the opposite 
surface of a cube (Chandrasekhara and Krishnaswamy, 1964). However, it is very 
difficult in practice, as the load is applied over an area of the cube for a stress to be 
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created.  Hence, it is not appropriate to say that the cube splitting test suggests a 
better indication of the uniaxial tensile strength of concrete. Additionally, the diagonal 
cube split is not recommended due to the fact that the loads are applied to the edges 
of the specimen which are often damaged and uneven. Table 2.1 shows the formulas 
for the calculation of the tensile strength of concrete through different test methods. 
The double punch test is another indirect test method which can be used to measure 
the tensile strength of concrete. This method was introduced by Chen (1970) and is 
similar to the cylinder splitting test with the advantage of being easier to perform. 
However, the double punch test has been found to produce values slightly lower than 
those results produced through the cylinder splitting test (Chen and Yuan, 1980). 
Additionally, the variability of the results of double punch tests was excessively higher 
than cylinder splitting test results. In spite of being easier to perform, it has not been 
recommended for common usage either by industry or any research community.  
Table 2.1: Formulas for the calculation of tensile strength (f/t) of concrete by different test methods 
Type of split test Formulae Notation 
Cylinder split test 
πLd2Pf /t   
P = Ultimate load 
L = Length 
d = Diameter of the cylinder 
Cube split test 
2
t πs2Pf /  s = Side of cube 
P = Ultimate load 
Diagonal cube split test 
2/
t s0. 5187Pf   s = Side of cube (length) 
P = Ultimate load 
bs0.3668Pf /t   
b = Half of the depth of the diagonal 
s = Side of cube (length) 
P = Ultimate load 
Prism split test 
πA2Pf /t   A = Area of the splitting plane 
P = Ultimate load 
 
In accordance with BS EN 12390-6:2000 and ASTM C496-96 (1996), a cylinder 
specimen with the length of 300-305 mm and diameter of 100-150 mm should be 
used for the cylinder splitting test. The cylinder sample is placed horizontally between 
the loading platens (Figure 2.13).  
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Figure 2.13: Cylinder splitting test setup (BS EN 12390-6:2000) 
From each side, the cylinder sample is subjected to compressive forces by 
compression platens (along their length). By considering the loading directions, both 
top and bottom surfaces (diametrical plane) of the cylinder are subjected to a high 
rate of compressive load (the load is gradually applied) and elements toward the 
centre of the sample are subjected to a tensile force (i.e. biaxial state of stresses). 
The applied load in the centre of the specimen can provide approximately 80% of the 
depth of specimen in tension (Popovics, 1970).  
Lin and Wood (2003) stated that the cylinder splitting test is conducted by laying a 
concrete cylinder horizontally between the loading platens of a testing machine and 
a compressive load is applied along the vertical diameter of the cylinder. Mennon 
and Pillai (2009) confirmed that the load is applied across the vertical diameter with 
the cylinder laid horizontally but there is no mention of a strip packing material used 
during the testing procedure. Hassoun and Al-Manaseer (2012) confirm the need for 
a strip packing material to ensure an even distribution of the load applied. The test 
leads to a failure mode in which the specimen is split in half almost uniformly through 
the centre (Rocco et al., 2001).  
2.4.2 Effect of the load distributing strips and loading rate 
Strips of packing material (usually produced from a soft material like hardboard) are 
inserted between the top and bottom surfaces of the cylinder specimen and the steel 
loading platens to ensure that a uniform loading condition is formed. These strips can 
reduce the effect of the compression stress which is created under the loading areas. 
The strips can also prevent the premature failure of the cylinder sample especially 
beneath the opposed loading lengths (Davies and Bose, 1968). The width of the strip 
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packing used is subject to much discussion with BS 1881 Part 117 (1983) 
recommending a strip packing of 15 mm ±2 with a thickness of 4 mm, whereas ASTM 
C496-96 (1996) recommend a greater size of 25 mm, even though they both 
recommend the same cylinder sample size. Figure 2.14 represents an illustration of 
how the packing strips can affect the loading area. 
 
Figure 2.14: Illustration of how the packing strips can affect the loading area 
Wright (1955) suggested that soft material like plywood should be utilised for the 
packing strips. It has been suggested that dimensions of 1/2 inch wide by 1/8 inch 
thick are required.  
Ramakrishnan et al. (1967) have conducted a study to investigate the effect of 
packing strip width, size of specimen and the rate of loading on the cylinder splitting 
strength. The investigator concluded the same recommendation as Wright (1955) for 
packing strip properties. The results for the influence of the loading rate on the 
cylinder splitting strength displayed that the tensile strength rises with increasing 
loading rate but, then peaks and then declines gradually. Tedesco et al. (1993) 
identified that loading rate has a remarkable effect on the cylinder splitting strength 
and Suaris and Shah (1984) mentioned that the influence of the loading rate on 
direct tensile strength is much higher than its effect on the MOR.  
Timoshenko and Goodier (1951) stated that the splitting tensile strength of concrete 
could be obtained when the failure point is reached. The uniform tension is required 
for deriving a closed form formula as shown by Equation 2.6. 
   
                                                  (2.6)
 
 
Ld
P0.64πLd
2Pf /t 
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where, 
P is the failure load (N) 
L is the length of sample (mm) 
d is the diameter of the cylinder sample (mm) 
f/t is the splitting tensile strength (N/mm2) 
Equation 2.6 was developed independently by Akazawa (1953), and Brazilian 
Carneiro and Barcellos (1953, Rio de Janeiro). Equation 2.6 is based on the 
assumption of plane stress and is derived using linear elastic theory. The 
assumptions made for the use of the splitting test equation are seen to provide a 
number of inaccuracies in the calculation of the tensile strength of concrete. The fact 
that the cylinder fails under combined tension and compression has been overlooked 
by many researchers in the literature (Lin et al., 1997). Fundamentally, the cylinder 
splitting test is a plane strain problem. For the cylinder test, there is a cylinder and 
the loads are applied to both sides (i.e. this is plane strain problem). However, the 
closed form formula (Equation 2.6) has been generalised for very thin thickness 
geometry like a coin (i.e. this is a plane stress problem). In a plane strain problem, 
there is a stress in the Z direction (i.e. cylinder), whereas in a plane stress problem, 
there is no stress in the Z direction (i.e. a thin disk). State of plane stress conditions 
were assumed to exist throughout the cylinder testing (Carneiro and Barcellos, 
1953). However, this is not the case for the splitting test and instead, an assumption 
of plane strain should be taken into account (Lin et al., 1997). The assumption of the 
plane stress conditions affects the analysis and the accuracy of the produced 
formula (Equation 2.6). Figure 2.15 represents the actual difference between plane 
strain and plane stress conditions. 
 
Figure 2.15: Plane strain and plane stress conditions 
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Additionally, in the modelling it was assumed that during failure of the cylinder, 
elements across the cylinder section would be subjected to tensile forces only (i.e. 
uniaxial stress) (Carneiro and Barcellos, 1953). Yet, this is not the case during the 
failure of the cylinder. The elements across the cylinder section are subjected to both 
tension and compressive stress and a biaxial state of stress occur (Lin et al., 1997).  
The concrete being tested is assumed to be homogenous in its nature. However, 
concrete is not homogenous. Therefore, the true distribution of stress cannot be 
obtained due to the variation of concrete properties, thus highlighting the methods 
failure to incorporate the composite nature of concrete (Van Cauwelaert and 
Eckmann, 1994). It should be noted that Lin et al. (1997) has taken the nonlinearity 
of the concrete into account.  
Another important assumption used in the computation of the cylinder splitting test 
formula was that Hooke’s Law was obeyed until failure of the cylinder occurs. 
Hooke's law is a useful approximation for linear-elastic materials. Hooke's law in 
simple terms states that the strain is directly proportional to the stress (i.e. the 
relationship between strain and stress is linear). However, this is not the case for 
inhomogeneous materials like concrete (i.e. the relationship between strain and 
stress for inhomogeneous materials like concrete is not linear). Figure 2.16 
represents the stress-strain relationship for the tensile failure of concrete (Popovics, 
1970 and Evans and Marathe, 1968). 
 
Figure 2.16: Stress-strain graphs for concrete in tension (Evans and Marathe, 1968)  
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2.4.3 Effect of the biaxial stress state on the cylinder splitting test  
In the cylinder splitting test, the load is applied vertically along the diameter of the 
cylinder specimen. This load can induce compressive and tensional stresses which 
are perpendicular along the vertical diameter of the cylinder specimen. The uniaxial 
tensile strength of concrete is assumed to be equal to the horizontal tensile stress at 
the instance of brittle splitting. Popovics (1998) mentioned that, due to the bi-axial 
loading, the cylinder specimen will fail in tension provided that the compressive 
strength is three times greater than the tensile strength. The following formulas are 
utilised to derive the tensile and compressive stresses due to bi-axial stresses from 
the cylinder splitting test (Ramesh and Chopra, 1960 and Mitchell, 1961). The 
horizontal tensile stress is applied which can be derived by: 
                                                                 (2.7)
 
                                                                 (2.8)
 
Due to bi-axial loading, the vertical compressive stress is applied which can be 
derived by (Ramesh and Chopra, 1960 and Mitchell, 1961): 
                                                                 (2.9)
 
 
or; 
                                                                 (2.10)
 
 
where, 
cσ
 is the compressive stress (N/mm
2) 
t mσ
 is the maximum tensile strength (N/mm
2) 
fsp is the cylinder splitting tensile strength (N/mm2) 
P and Pmax is the compressive force at failure of cylinder (N) 
L is the length of the cylinder (mm) 
D and r are the diameter and radius of the cylinder respectively (mm) 
Equations 2.9 and 2.10 are based on the assumption of plane-stress conditions and 
are derived by using the linear theory of elasticity (as mentioned in 2.4.1 and 2.4.2, 
πLD
2Pσt m
πLD
2Pf maxsp 
  

 
1rDr
D
πLD
2Pσ 2c
  

 
1rDr
Dσσ 2t mc
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assuming elastic behaviour at the time of failure is not an accurate representation). 
Figure 2.17 shows the distribution of the stresses based on Equations 2.9 and 2.10. 
 
Figure 2.17: (a) Cylinder section representing notation and stresses and (b) Distribution of stresses of 
loaded cylinder section (Neville, 1995) 
From consideration of Figure 2.17b, the cylinder splitting test produces a horizontal 
tension stress along the diameter of the concrete cylinder. However, high vertical 
compressive stresses are induced immediately under the loading platens and are 
reduced towards the centre of the cylinder specimen, hence the combination tension 
and compression causes a bi-axial state of stress along the diameter of cylinder.  
Figure 2.18 was suggested by Wright (1955) to represent the area subjected to a 
constant tensile stress and compressive stress across the section of the cylinder 
specimen.  
 
Figure 2.18: The theoretical stress distribution of the cylinder splitting test (Wright, 1955) 
According to the study conducted by Mindess et al. (2002), the tensile strength 
values which are obtained from the cylinder splitting test are seen to be closer to the 
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true tensile strength than the MOR. Also, the cylinder splitting results are higher 
(around 5-20%) than the direct tensile strength values.  
2.4.4 Crack mechanism of cylinder splitting test 
Generally, for calculating the tensile strength of concrete, it is important to consider 
the splitting mechanism. Rocco et al. (1999) thought that the mode of failure was a 
simple crack mode, but Hannant et al. (1973) suggested the first mechanism of 
failure. By considering suggestion idea, initially the small crack appears in the centre 
of the sample, then the crack propagates outwards towards the surface of the 
sample (i.e. crack initiation Figure 2.19a).  
 
Figure 2.19: Illustration of the failure mechanism of a concrete cylinder 
Due to the high rate of compression stresses under the loading areas (around the 
loading platens), the crack’s growth is prevented from propagating (i.e. crack growth 
Figure 2.19b). Once the cracks have propagated around the high compression zone 
below the loading platens, then the sample fails (Figure 2.19c). However, the 
mentioned mechanism struggles to establish a related equation for the determination 
of the tensile strength.  
Another study by Rocco et al. (1999) demonstrated that there are two failure modes 
during the failure of the cylinder. It means that the rupture occurred at two levels, the 
principal and the secondary. The principal is related to the development of the main 
crack through the centre of the cylinder specimen (Figure 2.20a), and the secondary 
is related to the incident of cracking near the loading are of the cylinder (Figure 
2.20b). It should be noted that the secondary one arises when the principal crack 
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has propagated from the centre of the cylinder. Figure 2.21 represents the two failure 
modes which were proposed by Rocco et al. (1999). 
 
Figure 2.20: Illustration of the two failure modes (a) principal and (b) secondary (Rocco et al., 1999) 
In the cylinder splitting test, the principal failure mode is considered as the critical 
mode. However, the failure mode of the original cylinder splitting formula is based on 
the simple, single crack which does not correlate with the suggested failure mode 
(i.e. the principal mode suggested by Rocco et al. (1999)).  
2.5 General relationship between compressive strength and tensile strength of 
NSC and HSC 
2.5.1 Compressive, splitting and direct tensile strengths of NSC and HSC 
The tensile strength of concrete is a physical property and can be expressed by 
means of specific tests (i.e. direct test, splitting test and MOR). The variability of 
concrete makes it too complex to produce an exact unit formula to express the 
relationship between its differing properties (i.e. it is not possible to obtain one 
property by the application of another property).  
In practice, it is assumed that the direct tensile strength of concrete is approximately 
10 percent of its compressive strength. However, this assumption of a linear 
relationship between tensile strength (ft) and compressive strength (fc) is not reliable. 
The relationship between tensile strength of concrete (ft) and compressive strength 
of concrete (fc) has been developed over many years. Mindess and Young (1981) 
declared that the relationship between tensile strength and compressive strength of 
concrete (ft/fc) is not a simple relationship and different parameters can affect it (e.g. 
age of concrete, strength of concrete, type of curing, type of aggregate, degree of 
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compaction and the content of air entraining admixtures). Additionally, the ratio of the 
tensile to compressive strength differs due to the different test methods which are 
used for testing tensile strength. The tensile strength determined in the splitting test 
is found to be higher than the direct pull test and lower than the flexural test; hence 
the ratio (ft/fc) for splitting test would be higher than the direct test and lower than the 
flexural test, so there is no constant ratio for ft/fc. This relationship has been 
advanced through experimental research, by means of obtaining the tensile and 
compressive strengths from a set of tested concrete batches. Afterward, a graph can 
be drawn with x and y axes (i.e. x axis representing the compressive strength (fc) 
and y axis representing the tensile strength (ft)), all data points are coordinated and a 
fitted line is drawn. The equation of the fitted line can express the relationship 
between tensile strength and compressive strength of concrete. The form of the 
empirical relationship will be in the form of Equation 2.11: 
n
ct ︶
︵
fkf          (2.11) 
The ‘k’ factor (varying from 0.25 to 0.65) and ‘n’ factor (varying from 0.25 to 0.65) are 
empirically obtained. The form of empirical relationship for determining the relation 
between tensile strength (ft) and compressive strength (fc) is shown in Table 2.2 for 
some previous investigations. It should be noted that all proposed relationships in 
Table 2.2 are applicable only for NSC specimens with a range of cylinder 
compressive strengths (fc) of up to 60 MPa.  
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Table 2.2: Closed form relationships between cylinder compressive strength (fc) and cylinder splitting 
strength (ft) for NSC specimens 
Investigator Proposed relationship 
Akazawa (1953) 73.0209.0 cftf  , 73.0657.0 cftf   
Ahmad (1994) 55.0462.0 cftf   
Oloukon (1991) 79.0206.0 cftf   
ACI Committee 318 (1999) 3
2
7.1 cftf   
Carniero and Barcellos (1953) 735.0185.0 cftf   
Raphael (1984) 667.0313.0 cftf   
Carino and Lew (1982) 71.0272.0 cftf  , 735.0554.0 cftf   
Ramesh and Chopra (1960) 604.0172.2 cftf   
Sen and Bharbara (1961) 84.02345.0 cftf   
Desayi (1969) 73.0628.0 cftf   
Ramarkrishnan et al. (1967) – Only for normal 
weight aggregate 
8
20
 cftf  
Ramarkrishnan et al. (1967) – Only for light 
weight aggregate 
6
15
 cftf  
Ramarkrishnan et al. (1967) – Only for gravel, 
¾ in max size 
125
19
 cftf  
Evans and Marathe (1968) 71056.0  cftf  
BS EN 1992-1-1:2004 tftf 9.0  
ACI Committee 318 (1999) cftf 54.0  
Carrasquillo (1994) 5.054.0 cftf   
Zain et al. (2002) 5.059.0 cftf   
Carino and Lew (1982) 71.0cftf  , 73.0cftf   
Oluokan (1991) conducted further research on the existing relationships of cylinder 
splitting tensile strength (fct) and its compressive strength (fc), derived from 566 test 
data points. None of the existing relations (i.e. listed in Table 2.2) were derived from 
 32
such a large number of test data points Hence, the proposed (Oluokan, 1991) 
regression equation of the assembled 566 data points was in the form of Equation 
2.12: 
0.69
cct f0. 214f      (2.12) 
From consideration of the Oluokan (1991) research and comparison with all previous 
proposed equations listed in Table 2.2, it is clear that there is no unique relationship 
to estimate the true tensile strength of NSC and it varied amongst the investigators.  
Table 2.3 gives the relationships between the cylinder splitting tensile strength (ft) 
and cylinder compressive strength (fc) for high strength silica fume concrete (HSC).   
Table 2.3: Closed form relationships between cylinder compressive strength (fc) and cylinder splitting 
tensile strength (ft) for high strength silica fume concrete (HSC) 
Investigator Proposed relationship 
Iravani (1996) cftf 57.0  , 10050  cf  
CEB-FIP (1993) 67.0301.0 cftf   
Wafa and Ashour (1992) cftf 58.0  
ACI Committee 318 (1999) cftf 59.0  
 
Zheng and Lee (2001) investigated direct tension test method for prismatic concrete 
specimens. In total of 17 batches of concrete cast. Each batch consisted of 150 mm 
concrete cubes to measure the cube compressive strength (9 batches), 150×300 
mm cylinder to measure the cylinder splitting strength of and 100×100×500 mm 
concrete prisms for measuring the direct tensile strength. The three target strengths 
were considered at 3, 7 and 28 days. According to the regression analysis of the 
results, the proposed relationship for calculating the direct tensile strength 
represented as follows (Equation 2.13):  
fd = 0.53 fcu0.44              (2.13) 
The fd and fcu are the direct tensile strength and cube compressive strength of 
concrete respectively. The index of the proposed relationship has been modified 
from 0.44 to 0.50 to standardise the relationship to a form which can be similar to the 
expression proposed in the codes of practice. The proposed expression can also be 
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given in terms of the cylinder crushing strength (fc). If a conversion factor (i.e. for 
normal strength concrete is approximately 0.80) of cylinder compressive strength to 
cube compressive strength is applied to Equation 2.13 then the modified equation 
will be: 
fd = 0.47 × √fc          (2.14) 
where, fd and fc are direct tensile strength and cylinder compressive strength 
respectively. A similar relationship has been proposed by Zheng and Lee (2001) to 
determine the cylinder splitting strength (fsp): 
fsp = 0.46 × √fc       (2.15) 
Comparing Equations 2.14 and 2.15, the investigators succeeded in proposing the 
two alternative values for the tensile strength of concrete. Zheng and Lee (2001) 
identified that Equation 2.15 underestimated the prediction of the uniaxial tensile 
strength of concrete, which is in line with what the previous methods have already 
confirmed. It is perhaps interesting that Phillips and Binsheng (1993) have also 
proposed a similar relationship to determine the cylinder splitting strength (Equation 
2.16): 
fsp = 0.45 × √fc        (2.16) 
Zain et al. (2002) developed a series of formula regarding the relationship between 
tensile strength (ft) and compressive strength (fc). The effect of age at testing (t) and 
the water/cement (w/c) ratio has been considered in these formulas (Equations 2.17-
2.19): 
                                   (2.17)
 
                                   (2.18) 
                                  (2.19)
 
The extensive experimental analysis by Zain et al. (2002) stated that the use of the 
equations proposed above can give a good estimation of the splitting tensile strength 
of concrete through (ft) its compressive strength (fc). These equations (2.17-2.19) 
have been derived from the following plot (Figure 2.21): 
7.11︶0. 10︵ f
ff
c
c
t

0.07
ct ︵ w/c︶f0. 54f 
0.04
28
ct ︶t
t
︵f0. 59f 
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Figure 2.21: Relationship between splitting tensile strength and compressive strength                    
(Zain et al., 2002) 
The equations proposed by Zain et al. (2002) were compared with ACI Committee 
318 (1999) and CEB-FIP (1993) and it was identified that these are very close to the 
tensile strength prediction. However, while these proposals have taken into account 
the water/cement (w/c) ratio and the age at testing (t), there are many other factors 
such as admixtures and aggregate size which have not been considered. These 
relationships are only for 28 days and have all not covered all the ages of testing (i.e. 
before or after 28 days strength). 
To conclude, existing proposed relationships do not cover all possible variables such 
as the water/cement ratio, age of the test specimen, admixtures, aggregate size, mix 
design, and effect of specimen size etc. Also, the test procedures of cylinder splitting 
and cube/cylinder compressive strengths vary among the investigators. Due to the 
large contradictions in the literature, it is seen that using empirical formulas is not an 
accurate method to predict the true uniaxial tensile strength of concrete in terms of 
the compressive strength. Hence there is a need for a correction factor which will 
bring all of these ratios (ft/fc) as close to the same values as possible.    
2.5.2 Compressive and flexural strengths 
The MOR test is one of the methods which is used to obtain the tensile strength of 
concrete. It has been common practice in civil engineering for years to link tensile 
strength testing to the compressive strength of concrete. Literature has numerous 
reports of tests regarding an empirical relationship between compressive strength 
and MOR. Many researchers suggest that the MOR of concrete is approximately 15 
percent of its compressive strength (fc). The relationship between MOR and 
cube/cylinder compressive strength of concrete (fc and fcu) has been developed over 
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many years of research. Table 2.4 shows a list of relationships between MOR and 
cube/cylinder compressive strength (fc or fcu) developed by different investigators. 
Table 2.4: Closed form relationships between flexural strength (fr) and cube/cylinder compressive 
strength (fcu or fc) for NSC 
Proposed relationships Investigator 
fr / fcu = 0.11 to 0.20 Bonzel et al. (1984) 
fr / fcu = 0.13 to 0.25 Bonzel et al. (1984) 
fr / fc = 0.13 to 0.20 Walker and Bloem (1960) 
fr = 0.29 – 0.000032fc Abrams (1922) 
fr = 7.5 / cf or fr = 12 / cf  ACI Committee 435 (1966) 
fr = 5 / cf or fr = 11 / cf  ACI Committee 435 (1966) 
fr = 0.97 cf  Carrasquillo (1994) 
fr = 0.8 cf , ( 40< fc < 90 MPa) Bakhsh et al. (1990) 
fr = 1.03 cf  Wafa and Ashour (1992) 
fr = 1.15 cf  Aitcin (1998) 
0.40)~(0.38f r  32cf  Arshad et al. (1996) 
fr / fc = 0.154 to 0.298 Akazawa (1953) 
 
Consideration of Table 2.4 shows that there are numerous relationships between 
flexural strength and compressive strength under different conditions with a 
confusing variety of results. Thus, the question is: are these an accurate relationship 
to obtain the tensile strength of concrete from its compressive strength?  
Raphael (1984) examined the test results from approximately 12000 specimens and 
found that there is little basis for assuming a linear relationship between the MOR 
and compressive strength. Raphael (1984) developed an equation to represent the 
nonlinear failure mode in concrete using the simple rectangular stress diagram 
proposed by Whitney (1937). The outcome of his derivation was Equation 2.26 from 
which Raphael (1984) concluded that the true tensile strength is just less than three 
quarters of the MOR.  
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When the MOR data, multiplied by 0.75, and the direct tensile test results were both 
plotted against the compressive strength it gave, what Raphael (1984) referred to as, 
a “fairly consistent pattern”. He then went on to fit a curve to this data relating tensile 
strength to compressive strength. Figure 2.22 shows the four recommended plots of 
tensile strength developed by Raphael (1984).  
 
Figure 2.22: Design chart for tensile strength (Raphael, 1984) 
Studies conducted by Lin and Raoof (1999) and Senussi (2004) showed that the 
consistency of the MOR formula (used in Raphael theory) is questionable. Senussi 
(2004) developed a correction factor for the MOR formula (explained in Section 2.6). 
Therefore, using an empirical formula to estimate the tensile strength of concrete is 
not an accurate method. Hence, there is a need for correction factor which can bring 
the ratio of fr/ft as close to the same value as possible, regardless of which testing 
method is applied.  
2.6 Development of the correction factors  
2.6.1 Correction factor for cylinder splitting strength 
The literature relating to the tensile strength of concrete and its testing methods have 
been reviewed so far. The methods and all relationships which have been 
recommended in the literature review give variations in the prediction of tensile 
strength of concrete.  
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Until now, it has generally been believed that the tensile strength given by the 
cylinder splitting test is closer to the true tensile strength than that than provided by 
the flexural test. By considering the experimental results, it is clear that the current 
methods can overestimate the tensile strength by up to 30% (Lin et al., 1997). 
Consequently, there is a need for correction factors to obtain the true tensile strength 
from the available test methods. The following Sections (2.6.1 - 2.6.3) will clarify 
some simple correction factors which have been proposed for flexural and cylinder 
splitting tests by using a non-linear finite strip model developed by Lin and Raoof 
(1994), Lin et al. (1997), Lin and Raoof (1999), Lin and Wood (2003) and Senussi 
(2004). 
The tensile strength determined by the cylinder splitting test can provide a closer 
estimate for the concrete tensile strength than that provided by the flexural test. The 
tensile strength of concrete can be calculated via the cylinder splitting test through 
the following closed form formula (Equation 2.27):  
                                              (2.27)
 
where,  
f/t is cylinder splitting tensile strength of concrete (N/mm2) 
P is the magnitude of the external compressive load on the cylinder (N) 
L and d is length and diameter of the cylinder specimen respectively (mm) 
This formula is based on the assumption of the plane-stress conditions and 
implementation of the theory of elasticity. However, in actuality, the concrete sample 
(cylinder) in a splitting test experiences a plane-strain state of stresses rather than 
plane-stress. As a result, a biaxial state of stress can appeared in the cylinder 
splitting test and the procedure of splitting a cylinder (along the vertical diameter) 
occurs under the combination of compression and tension (i.e. multi axial state of 
stress).   
According to published test data (e.g. Gedling et al., 1986), under a biaxial condition 
like tension-compression, the tensile strength of concrete is decreased. Also, Neville 
(1995) suggested that the compressive stresses can cause the tensile strength to 
decrease by up to 8%.  
 
πLd
2Pf /t 
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2.6.2 Analysis of a concrete cylinder by non-linear finite strip methods 
Chen and Suzuki (1980) conducted a study on concrete cylinders and used a non-
linear finite element method. Lin et al. (1997) assumed concrete material properties 
as previously used by Chen and Suzuki (1980).  
In Lin et al. (1997)’s work, the length (L) and the diameter (d) of cylinder were 
304.8mm and 152.4mm respectively. The compressive load (Q - uniformly 
distributed) was applied over a width (b) of 12.7mm (it should be noted that this width 
(b) is equal to the width (b) of the strip packing materials which were used to achieve 
the distributed load over the length of the cylinder). Due to the symmetry of the 
cylinder about its central horizontal diameter, only half of the cylinder specimen was 
analysed. This half of the cylinder was divided into 14 finite strips. These strips are 
seen to have curved boundaries. Figure 2.23 demonstrates that the last finite strip 
(i.e. in the immediate vicinity of the external patch loading and packing material) has 
just two corners (Lin  and Raoof, 1994).  
                                                               Q: Loading path 
                                                                                                                   d: Diameter of cylinder  
                                                                                                                            b: width of packing strip  
Figure 2.23: Subdivision of the cylinder in terms of finite strips (Lin et al., 1997) 
By considering Figure 2.23 with respect to geometry and loading, there is symmetry 
about the loading path (Q) which is perpendicular to the horizontal diameter (d); 
hence, only the analysis of a quarter of the cylinder cross section is required. Now, 
these 14 strips were reduced to half the length, and thus, the number of sub-
elements was assumed to be 8 (i.e. there are 8 sub-elements within the each half 
length of the strips) (Lin et al., 1997). Lin and Raoof (1994) used the same material 
properties as used by Chen and Suzuki (1980): 
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 The initial (tangent) Poisson’s ratio = 0.188 
 The initial (tangent) Young’s modulus = 3791 kips/in2 = 26139 N/mm2 
 The uniaxial concrete compressive strength fc = 4.45 kips/in2 = 30.7N/mm2 
 The uniaxial concrete tensile strength = 0.09×fc = (0.09×4.45) = 0.4005 kips/in2 = 
(0.09×30.7) = 2.763 N/mm2 
Figure 2.24 represents the load-displacement (Q - ) graph for the concrete sample. 
As it makes clear, the ultimate load is found to be 3.3458 kips (~14.882 KN). This 
chart includes two methods. The discontinuous line represents the work of Chen and 
Suzuki (1980) who used a triangular finite element method, and the continuous line 
represents Lin et al. (1997)’s method which used the finite element brittle method 
(cylinder). 
 
Figure 2.24: The graph for load (Q) versus displacement ( ) (dashed line represents Chen and 
Suzuki (1980) and the continuous line represents Lin et al. (1997)) 
Figure 2.24 reveals that both methods give similar predictions of the ultimate load. 
By comparing both methods, it can be seen that the load – deflection (Q - ) graph 
of Lin et al. (1997) reveals a softer behaviour than Chen and Suzuki (1980)’s 
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method. The methods are based on displacement-control procedure, hence the 
Chen and Suzuki (1980) method uses many more unknown generalised 
displacements, while the Lin et al. (1997) method uses fewer unknown generalised 
displacements (i.e. the Chen and Suzuki (1980)’s method uses 248 unknown, 
generalised displacements, while the Lin et al. (1997) method uses 150). Lin and 
Wood (2003) considered that the uniaxial tensile strength of concrete had not been 
reached at failure point. Figure 2.25 illustrates the uniaxial tensile strength 
(discontinuous line) of concrete along the vertical diameter of the cylinder.  
 
Figure 2.25: Variations of the horizontal tensile stresses along the diameter of the cylinder associated 
with changes in Q up to failure after Lin and Raoof (1999) 
The simple closed form formula is used for calculating the tensile strength of 
concrete (where, the diameter (d) and length (L) of the cylinder are d = 6 inch (304.8 
mm) and L = 1 inch (152.4 mm) respectively. Thus, by substituting the ultimate load 
Q = 3.3458 kips (which has already been predicted through the current numerical 
method) into the traditional formula, the splitting tensile strength of concrete is 
determined as: 
πl d
2Pf /t   =   
0.35561π
3.34582

  kips/in2          (2.28) 
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By comparing this value (f/t = 0.355 kips/in2) and the value of the uniaxial tensile 
strength f/t = 0.4005 kips/in2 (which has initially been assumed as an input into the 
finite strip computer programme-example one), there is a significant difference 
between them. The closed form formula gives a lower value compared to the 
assumed one. This means, the traditional formula underestimate the tensile strength 
of concrete by approximately 13% (% =
1.1280.3548
0.4005
 ).  
According to Mindess et al. (2002), the splitting tensile strength of concrete can be 5-
12% higher than the true uniaxial tensile strength, while Lin et al. (1997)’s analysis 
shows exactly the opposite of Mindess’s conclusion. This might be because the 
splitting of the cylinder sample along its vertical diameter occurs under the 
combinations of tension and compression rather than uniaxial tension. Initially, it was 
confirmed by Gelding et al. (1986) that in the case of the combination of tension and 
compression, the tensile strength of concrete under multi axial state of stresses is 
invariably lower than the corresponding uniaxial tensile strength of concrete. Further 
investigation was conducted by linear elastic computer runs using the finite strip 
method on both the disc (which can represent the plane-stress case) and cylinder 
(which can represent the plane-strain case). Finally, the patterns of the elastic stress 
distribution (in both direction x and y) along the vertical diameter of cylinder with the 
diameter of d=6 inch were achieved. Eventually, it was found that for linear elastic 
cases, it did not matter if the stress distribution was for a plane stress or plane strain. 
Lin and Raoof (1999) found that the true uniaxial tensile strength of concrete was 
affected through the ratio of ft/fc, (where, fc = cylinder compressive strength of, ft = 
uniaxial tensile strength of concrete), so the value for uniaxial tensile strength was 
dependent on the cylinder compressive strength. Hence, a case (plane-strain, 
cylinder) with compressive strength of fc=30 N/mm2, diameter d=150 mm and width 
of strip packing b= 15 mm was analysed to obtain the range of the ft/fc ratio. This 
analysis was based on two assumptions:  
 non-linear plane strain constitutive relations were used (up to failure either 
tension or/and compression). 
 linear-elastic plane strain constitutive relations were used (up to failure caused by 
either tension or/and compression). 
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Figure 2.26 shows the ultimate load Q versus ft/fc for different constitutive relations. 
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Figure 2.26: Load (Q) versus ft/fc for different constituents (Lin and Raoof, 1999) 
According to results for both cases (1) and (2) the numerical predictions achieved 
were similar for most purposes over the range 0.08 ≤ ft/fc ≤ 0.14. 
By considering the modelling process (based on non-linear analysis of the cylinder 
splitting problem), Lin and Raoof (1999) suggested a correction factor to be used in 
the cylinder splitting test to obtain a more precise representation of the uniaxial 
tensile strength. Basically, to avoid the wide range of parameters which are used as 
inputs, a parameter study (based on non-linear finite strip model) was performed to 
obtain a practical form for the correction factors. The diameter for all the cylinders 
was constant at d= 150 mm (in accordance with BS 1881 Part 117, 1983), and four 
packing strips with different widths were utilised (i.e. 12, 13, 14 and 15 mm). It was 
assumed that the distribution of the external compressive (Q) load was completely 
uniform.  
Figure 2.26 shows that the numerical predictions (ft/fc) achieved were similar for most 
purposes over the range 0.08 ≤ ft/fc ≤ 0.14. Lin and Raoof (1999) found for each ratio 
of the ft/fc, and variation of the cylinder compressive strength (range of 20 ≤ fc ≤ 50 
MPa), that there was no significant difference regarding the predicated magnitude of 
the ft/f/t. Table 2.5 represents the variation of ft/f/t with changes over a range 0.09 ≤ 
ft/fc ≤ 0.11 for when the width of strip packing was 15 mm: 
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Table 2.5: Numerical results based on theoretical parametric studies for a 15 mm wide packing strip 
(Lin and Raoof, 1999) 
ft/fc fc(N/mm2) 20 25 30 35 40 45 50 
0.09 Q(N) 383 481 578 676 772 869 966 ft/f/t 1.10 1.10 1.10 1.09 1.09 1.09 1.09 
0.10 Q(N) 408 510 611 713 815 917 1019 ft/f/t 1.15 1.154 1.15 1.15 1.15 1.15 1.15 
0.11 Q(N) 429 535 640 744 850 956 1061 ft/f/t 1.20 1.21 1.21 1.21 1.21 1.21 1.22 
It is noticed that the ratio of ft/f/t varies in accordance with the variation of ft/fc, hence, 
it can be said that the variation of ft/f/t is a sole function of the variation of ft/fc. Figure 
2.27 represents the graphs of the y=ft/f/t versus x=ft/fc which refers to the 
determination of the correction factor k for a width of strip packing 15 mm. 
 
Figure 2.27: Determination of the correction factor k, for a width of strip packing of 15mm (Lin and 
Raoof, 1999) 
As it is clear, the relationship between ft/f/t and ft/fc appears linear defined by 
Equation 2.29. 
                                   (2.29)
 
where ‘a’ and ‘b’ are the constant values. Table 2.6 expresses the values of 
constants ‘a’ and ‘b’ for different widths of packing strip. 
Table 2.6: The values of constants (a and b) for different widths of strips packing (Lin and Raoof, 
1999) 
Packing Strip Width(mm) 12 13 14 15 
a 7.0566 6.6969 6.3010 5.9316 
b 0.4937 0.5148 0.5398 0.5647 
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Equation 2.29 can then be manipulated: 
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Therefore, by measuring the cylinder compressive strength (fc) and ultimate 
compressive load (Q), the uniaxial tensile strength (ft) can be determined using a 
traditional formula. By considering Table 2.6, the constant values can be obtained for 
particular packing strips. Subsequently, by applying the correction factor (k) 
(mentioned in Equation 2.30) by the cylinder splitting tensile strength, given by the 
closed form formula (Equation 2.27), more accurate values of concrete uniaxial 
tensile strength can be calculated. It should be noted that the tensile stress used as 
the reference in the present research is the one assumed as an input parameter in 
the model of Lin and Raoof (1999).  
2.6.3 Correction factor for modulus of rupture (MOR) 
After Lin and Raoof (1999), another correction factor was developed by Senussi 
(2004), linking into Lin and Raoof (1999)’s studies. The MOR was related to the 
c
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cylinder compressive strength. Senussi’s method was semi-empirical and was 
derived from the correction factor k proposed by Lin and Raoof (1999). From 
previous investigations conducted by Lin and Raoof (1999), it was demonstrated that 
the true tensile strength of concrete can be related to the cylinder splitting strength 
through the following equation: 
                         
'
tt fkf                 (2.31) 
where, 
c
`
tf
fa1.0
bk

  
So, the cylinder splitting strength can be related to the MOR (k1 is the correction 
factor for the MOR): 
                                               (2.32) 
where, 
                                              (2.33)
 
Combining Equations 2.30 and 2.33 into Equation 2.32 can give the following 
equation (2.34) which demonstrated a clear relationship between MOR / ft and fc:
                              
  (2.34) 
 
 
2.7  Self compacting concrete (SCC) 
This section discusses the properties of SCC variations with mix design and the 
associated methods of calculating the uniaxial tensile strength of SCC. 
The Specefication from the European Federation dedicated to specialist construction 
chemicals and concrete systems (EFNARC, 2002) was used as a practical code for 
this study, as “It is based on the latest research findings as well as an abundance of 
field experience from EFNARC's members all over Europe” (EFNARC, 2002). 
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BRE Digest 330 (1999) states SCC as a type of concrete that “can flow under its 
own weight and fill the framework while maintaining homogeneity even in the 
presence of congested reinforcement, and then consolidate without the need for 
vibrating compaction”. It is clear that SCC has properties very different compared to 
NSC or HSC, which cannot flow under their own weight. In order for concrete to 
attain the required strength and durability full compaction is essential. Generally, 
compaction is normally achieved by vibration, either internally or externally, with 
poker vibrators still widely used (BRE Digest 330, 1999). In 1983, the strength of 
concrete and its durability was a topic of interest in Japan (Okamura and Ouchi, 
2003) due to a shortage of skilled workers. In 1986, Okamura began the 
development of SCC (Okamura and Ozawa, 1995). By 2000, 400000m3 of SCC had 
been used in Japan for prefabricated products and ready-mixed concrete (Ouchi et 
al., 2003). The achievements in Japan raised interest in European countries, where 
the development of SCC began around 1996. Subsequently, SCC has been utilised 
successfully in a number of bridges, walls and tunnel linings in Europe (Ouchi et al., 
2003 and Goodier, 2003). 
2.7.1 Basic requirements for the fresh state of SCC 
Interest in SCC in the precast concrete industry has significantly grown (Ouchi et al., 
2003). A wide range of recent studies have been conducted with the aim of 
developing raw material requirements, mix proportions, material requirements and 
characteristics, and test methods necessary to produce and test SCC (Khayat et al., 
2001, Chan et al., 2003 and  Sonebi et al., 2003). The latest studies show improved 
reliability, prediction of fresh properties, improved durability, and increased 
productivity and workability (Khayat et al., 2004, Khayat et al., 2001, Khayat and 
Assaad, 2002, Chan et al., 2003 and Sonebi et al., 2003). The three main properties 
that distinguish SCC from traditional normal vibrated concrete (NVC) are:  
Filling ability - The ability of fresh concrete to flow into and completely fill all 
recesses voids and spaces within the formwork without any vibration being applied 
(i.e. under its own weight). 
Passing ability - The ability of fresh concrete to flow into all the spaces within 
formwork (e.g. when there is congested reinforcement or tight openings). 
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Segregation resistance - The ability of fresh concrete to remain homogenous 
during and after the process of transport and placement. 
In order to determine whether a concrete mix has the correct criteria to be classified 
as SCC a number of test methods have been developed (Table 2.7). There is 
currently no single test capable of assessing all the properties required to certify a 
mix as SCC. Therefore a combination of tests must be conducted in order to fully 
characterise a fresh concrete mix (EFNARC, 2002). Chapter 4 will describe the 
procedure for the more commonly used tests. 
Table 2.7:  Test methods for the different workability properties of SCC (EFNARC, 2002) 
Property 
Test methods 
Laboratory              
(For mix design) 
Field                
(For quality control) 
Filling ability 
Slump flow               
T50cm slump flow          
V-funnel                 
Orimet 
Slump flow            
T50cm slump flow       
V-funnel              
Orimet 
Passing ability 
L-box                  
U-box                   
Fill-box 
J-ring 
Segregation 
resistance 
GMT test                
V-funnel at T5min 
GMT test             
V-funnel at T5min 
2.7.2 Tensile strength and compressive strength of SCC 
For any type of concrete mix design, the water/cement ratio is crucial. It is also more 
important for SCC due to the fresh property tests required for SCC. Felekogul et al. 
(2007) researched five mix designs with different combinations of water/cement ratio 
and superplasticiser dosage levels. The cement dosage was kept constant and the 
content of water was decreased while the dosage of superplasticiser was increased 
to achieve the acceptable slump flow. The slump flow, V-tunnel and L-box were 
conducted to measure the fresh properties parameters and the hardened concrete 
tests, including compressive cylinder tests and splitting tensile strength (BS 1881, 
Part 117, 1983). Felekogul et al. (1983) found that the optimum water/cement ratio 
for SCC was in the range of 0.84 to 1.07. The investigators mentioned that the 
water/cement ratio may have to change with different amounts of aggregate, so 
further research needed to be conducted in this area. Tensile strength tests were 
performed according to BS 1881 Part 117, 1983, however, the compressive cylinder 
tests were not completed in terms of any code (it is unclear why they did not select 
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and follow any code). Also the tests should have not changed the dosage of 
superplasticiser so that the water/cement ratio was the only variable to see how this 
property alone affects both the fresh properties and the hard properties of SCC. 
Domone (2005) analysed 70 studies to compare the hardened properties of SCC 
with the hardened mechanical properties of similar NVC. Although valuable, all the 
different studies used varying mix designs and materials meaning that it was difficult 
to correlate and compare. In spite of this, Domone (2005) deduced that limestone 
powder can have a significant contribution to the strength of the SCC at ages up to 
28 days. Additionally, at low compressive strengths (≈20 MPa), the elastic modulus 
of SCC can be 40% lower than NVC while this is 5% at higher strengths (90≈100 
MPa).  
Domone (2005) concluded that SCC and NVC had similar bond strengths. However, 
Valcuende and Parra (2009) concluded SCC with more stiffness, which can cause 
greater mean bond stresses. They also found that SCC to be more homogenous 
than NVC in a vertically cast column, partly because of difficulties in vibrating NVC 
with significant reinforcement.   
Boukendakdji et al. (2009) studied the influence of GGBS and superplasticiser on the 
properties of SCC, and realised that it is important to thoroughly mix SCC, hence, 
the correct mixing process is vital, a point taken into account during the 
manufacturing (i.e. Chapter 4) of SCC for this research.  
Parra et al. (2011) studied the cylinder splitting tensile strength for SCC at different 
ages, casting four batches of SCC and four batches of NVC with different mix 
designs. All the individual test data was analysed statistically and all the conclusions 
were drawn with a 95% confidence level, hence can be considered reliable.  
The tensile strength for SCC was found to be lower than for NVC at the same 
compressive strength, for SCC incorporating limestone filler. SCC can also 
incorporate additional cementitious materials such as silica fume, fly ash and GGBS. 
The results found in this experiment may not be applicable to all types of SCC with 
different fillers.  
Dehn et al. (2005) investigated the strength development of SCC with time and the 
bond behaviour with reinforcing bars, and compared the hardened mechanical 
properties of SCC with NVC. Their mix design incorporated fly ash and was based 
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on experience from Sweden, France, The Netherlands and Japan. The main 
parameters which influenced the bond behaviour were the surface of the rebar, the 
number of load cycles, the mix design, the direction of concreting, and the geometry 
of the test specimens. The results indicated that the modulus of elasticity for the 
SCC was lower than for NVC.  
Durta (2003) compared the splitting tensile strength and compressive strength of 
SCC and NVC. The splitting tensile strength of SCC were higher compared to the 
NVC and this were said to be due to consumption of mineral and chemical 
admixtures such as silica fume. It was observed that the compressive strength of 
SCC after 7 days were comparable to those obtained after 28 days for NVC. This 
could be due to the use of silica fume, which usually tend to increase the early 
compressive strength of concrete. A decrease in the tensile strength was seen as 
the water/cement ratio was increased, a similar behaviour to conventional concrete. 
Sekhar and Rao (2008) performed an experimental investigation to study the 
compressive, flexural strength and tensile splitting behaviour of SCC at 28, 90 and 
180 days. Portland cement, crushed angular granite (10 mm), river sand and 
combinations of superplasticiser were utilised. The cube compressive strength 
ranged from 33.94 - 66.29 MPa at 28 days s, 40.38 - 77.55 MPa at 90 days and 
43.44 - 82.19 MPa at 180 days. The MOR ranged from 3.15 - 5.95 MPa at 28days, 
3.65 - 6.9 MPa at 90 days and 3.90 - 7.40 MPa at 180 days. The cylinder splitting 
strength ranged from 3.01 - 6.44 MPa at 28 days, 3.52 - 7.54 MPa at 90 days and 
3.68 - 7.62 MPa at 180 days strength. The relationship between cube compressive 
strength and cylinder splitting strength for SCC is shown as (Sekhar and Rao, 2008): 
f/t = 0.08 × (fcu) 1.04                         (2.35) 
The relationship between cube compressive strength and MOR was (Sekhar and 
Rao, 2008): 
MOR = 0.12 × (fcu) 0.9               (2.36) 
Holschemacher (2004) compared the hardened properties of SCC and NVC. The 
database was based on his own investigations plus a number of internationally 
published data sets. For most applications, the compressive strength is the most 
important mechanical hardened property of concrete. Holschemacher (2004) 
identified that to distinguish any possible difference between the ultimate strength of 
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SCC and NVC, clarification is required. There exists a certain dependence on the 
specimen geometry with conventional concrete but it was shown that this well-known 
relation between cylinders and cubes could not be confirmed with SCC, with the ratio 
being between 0.9-1.00, higher than the traditional ratio of 0.8-0.83 for NSC. From 
the investigation, it was concluded that an exact identity between the mechanical 
properties of SCC and NVC did not exist. The splitting strength achieves clearly 
higher values, up to 40% higher than in the current standard.  
Leeman and Hoffmann (2005) studied the relationship between the hardened 
properties of SCC and NVC, using 9 different SCC mixes and 4 different mixes of 
NVC to compare their mechanical properties. For an identical w/c ratio, the 
compressive strengths of SCC and NVC displayed similar strengths. Also, there was 
no remarkable difference in terms of the relationship between compressive strength 
and the MOR of SCC as compared to NVC, however, the values for SCC showed a 
relatively high standard deviation. Assuming that the relationship of compressive 
strength and the MOR might be expressed as a linear function, then the following 
relationship has been expressed (Equations 2.37 and 2.38).  
NVC: MOR = 0.11 × fcu             R2= 0.88             (2.37) 
SCC: MOR = 0.11 × fcu              R2 =0.23            (2.38) 
The following relationship between compressive strength and w/c ratio were 
determined (Equations 2.39 and 2.40).  
NVC: fc = 100 - 109 w/c     R2 = 0.93                      (2.39) 
SCC: fc = 100 - 108 w/c        R2 = 0.78                    (2.40) 
For an identical compressive strength, the modulus of elasticity of SCC was 
approximately 15 % smaller than that of NVC. 
Persson (1999) compared the mechanical properties of SCC with the corresponding 
properties of NVC. In this study, the compressive strength, elastic modulus, creep 
and shrinkage of SCC and NVC have been outlined as mechanical properties. 
According to the final outcomes, at constant strength, the creep, shrinkage and 
elastic modulus of SCC is compatible with the corresponding properties of NVC. 
Hwang et al. (2006) evaluated the suitability of various methods used to assess the 
fresh properties of SCC such as slump flow, J-ring, V-funnel, L-box and surface 
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settlements test, and expressed multiple regression equations relating to filling 
capacity: 
Filling capacity (%) = [[-49.1+(0.149 × slump flow)]+ 51.3(h1/h2)] , (R2=0.86)      (2.41) 
Filling capacity (%) =-77.5+(0.162×slump flow)+0.094 J-ring (mm)  , (R2=0.84)  (2.42) 
The filling capacity was also presented as a function of the difference between slump 
flow and J-ring flow diameter: 
Filling capacity (%) = -72.3+0.25 slump-0.09(slump flow- J-ring),    (R2=0.84)   (2.43) 
The slump flow and V-funnel flow time can also correlate to the filling capacity: 
Filling capacity (%)=-23.5+0.175 slump –0.425 V-funnel flow time, (R2=0.64)    (2.44) 
For the settlement of SCC, a maximum surface settlement of 0.5% is generally 
required for all structural applications (Hwang et al., 2006):  
Settlement rate (%/h) = [(St(%)-St-5 (%) / 5(min)] / 60(min)               (2.45) 
where; 
 St represents the settlement value at a given time t (min), while St-5 represents the 
settlement value at time of t = 5 min. 
A combination of the fresh property tests (i.e. slump flow and either the L-box 
blocking ratio (h1/h2), J-ring or V-funnel flow time) can be used to evaluate the filling 
capacity of SCC for quality control (Hwang et al., 2006). 
Hence, Hwang et al. (2006) recommended the following acceptable criteria for SCC:  
 Slump flow of 670 +/- 50 mm 
 L-box, h1/h2 ratio greater than 0.70 
 J-ring flow of 650 +/- 50 mm 
 Spread between slump flow and J-ring flow lower than 50 mm  
 V-funnel time of less than 8 seconds 
The above criteria have been used in this investigation to ensure proper static 
stability of SCC. According to Hwang et al. (2006), there are many criteria which 
have been recommended through different investigators and research. The criteria 
recommended by EFNARC (2002) is the most reliable and widely used and perhaps 
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could be the most suitable to characterise the fresh properties (i.e. workability 
properties) of SCC. The list of properties and criteria recommended by EFNARC 
(2002) for SCC will be explained in Chapter 4.  
2.8 Conclusions 
Of the three traditional test methods, the direct tensile test provides the lowest 
prediction of the tensile strength of concrete compared to the two indirect test 
methods (i.e. cylinder splitting and the MOR tests). Except for Todd’s method (1955), 
it is presumed that this is primarily due to the existence of the external loading 
eccentricity in all cases. A slight eccentricity causes a moment which makes the 
distribution of the stress non-uniform across the concrete section while to obtain an 
accurate result, the stress distribution must be uniform across the section. Therefore, 
the direct tensile test is not considered an appropriate method to measure the true 
uniaxial tensile strength of concrete.  
For many years, the cylinder splitting test gives the strength which was close to the 
true uniaxial tensile strength of concrete. This however, has been disputed (Nilsson, 
1961). This shortcoming can be caused due to the biaxial state of stresses. It was 
assumed that during failure of the cylinder, elements across the cylinder section 
would be subjected to tensile forces only. However, the elements across the cylinder 
section are subjected to both tensile and compressive stress and the compressive 
stresses are the principles factors which cause a remarkable decrease in predication 
of the tensile strength of concrete established upon the cylinder splitting test. In spite 
of this, the cylinder splitting method underestimates the tensile strength of concrete, 
but this method still provides a prediction of tensile strength that is closest to the true 
prediction of the uniaxial tensile strength of concrete.  
The MOR test is a common indirect test method used to measure the tensile 
strength of concrete. It has been argued that this method overestimate the value of 
the tensile strength (Ramakrishnan et al., 1967, Mindess and Young, 1981), though 
the range and extent of this overestimates is not clear. The traditional formula for the 
MOR is always overestimates the tensile strength of concrete because the method is 
established upon the elastic beam theory and also the assumption that the concrete 
stress-strain relationship is linear throughout the section of the specimen. 
Additionally, the external conditions can also influence the MOR test. The failure of 
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the specimen initiates at the surface of the specimen where the curing conditions will 
have a significant influence; however, this is not the case for the cylinder splitting test 
as the failure initiates from within the cylinder specimen.  
By considering all the practical imperfections mentioned above, it has been 
discussed that these tests do not provide sufficiently accurate and comparable 
results for the true uniaxial tensile strength, even when allowing for the inherent 
variability of concrete as a material. This shortcoming has been overcome by 
recently developed methods reported by Lin and Raoof (1999) and Senussi (2004) 
who proposed very simple correction factors for application to the cylinder splitting 
and the MOR test results, the final outcome providing practically reasonable 
estimates of the true uniaxial tensile strength of concrete. The reliability of the Lin 
and Raoof (1999) and Senussi (2004) correction factors however, have not yet been 
completely established across a full range of concretes and ages. There is therefore 
a need to carry out additional, deeper, broader and more comprehensive 
experimental work to investigate the suitability of the proposed correction factors 
over a wide range of first order parameters.  
There is significant usable data in the literature covering a wide range of differing first 
order parameters such as codes of practice, cement type, admixtures and fillers, 
aggregate size and shape, age at test etc. Even though these data sets are 
applicable, there is a problem of variations in test procedures which have not always 
been fully reported in detail, for example:  
 The dimensions (especially width) of the packing strip. The dimension of the 
packing strip is very important regarding the mode of failure and also to calculate 
the failure load of the cylinder splitting specimen.  
 Loading rate. 
 The loading conditions for MOR (i.e. either the specimen is subjected to central 
point loading or symmetrical four-point loading).  
In order to obtain a reliable relationship for determining the true uniaxial tensile 
strength of NSC, HSC and SCC, it is required to establish new experimental test 
data to cover all of the above variations and omissions. The existing literature data 
however, can still be applied to further support the proposed new correction factors.  
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Chapter 3: Analysis of published data 
3.1 Introduction 
As mentioned in Chapter 2, a large amount of experimental data has been previously 
published.  However, it is not possible to utilise all this data in the present research 
as suitable test data. Ideally it would all be from the same batch of concrete, and 
secondly not only the modulus of rupture (MOR), but also the cylinder splitting 
strength plus their associated cylinder and/or cube compressive strength, would be 
required. Among the three traditional test methods, the direct tensile test results 
were omitted from the analysis of published data. In a direct tensile test, any slight 
eccentricity causes a moment, this moment does not matter in steel due to its 
ductility, but this moment makes the distribution of the stress non-uniform across the 
concrete section. In fact, to obtain an accurate result, the stress distribution must be 
uniform across the section, but in practice because of this moment and also the 
brittleness of concrete slight cracks can happen. As a result, the distribution of stress 
becomes non-uniform. It is not possible to obtain the force acting through the central 
axis of the specimen, because of the eccentricity; hence, the direct test method is 
not a reliable way to measure the true uniaxial tensile strength.  
The research papers in Tables 3.1 and 3.3 have been selected for use in this 
research (Table 3.2 shows key notations used in the research papers). 38 papers 
have reported both MOR and cylinder splitting strengths with associated cylinder 
and/or cube compressive strength for each individual batch. The shortlisted papers 
have been organised in the form of numerical classifications to aid understanding.  
None of these papers report the width of the strip packing (need for the cylinder 
splitting test) and loading rate. In addition, the loading arrangements of the MOR test 
(i.e. central point loading or symmetrical-four points loading) have not been reported, 
except for P59/P67/54. The prismatic specimens used for the MOR tests were 
subjected to symmetrical central point loading. The associated sources and 
summary of the papers are in Appendix A and Appendix C (Table A.1 and C.1 
respectively).  
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3.2 Type of concrete and materials  
The shortlisted research papers represent different types of concrete. Papers 
P2/17/21/28/33/34/37/39/40/47/50/52/54/58/63/64/65/68/69 and P70 investigate the 
NSC mixes while P5/23/24/32/38/42/44/53/64 and P67 are HSC. P30/46/56/57/60/62 
are fly ash concrete. Paper P45 was defined as concrete utilising FBC (Fluidised 
Bed Combustion) and PCC (Pulverised Coal Combustion). High strength lightweight 
concretes were P59/61.  
All papers except P28/32/52 and P56 used Portland cement. However, Portland 
blast furnace slag cement, CSA type 10, CPH HP, type II rapid hardening cement 
and blended fly ash cement have been used by P39/28/32/ 52 and P56. There is no 
specification regarding the type of cement for P45/47/69 and P70.  
Apart from P5/21/24/32/38/40/42/46 and P57, the rest of the papers used river sand 
as fine aggregate. There is no mention regarding the type of fine aggregate in 
P45/47/50/52/54/58 and P59. Crushed limestone sand, sand (4.75 mm), silica sand, 
sand (0-5 mm), sand (6.3 mm) and gravel sand have been used by P5/21/24/32/46 
and P57 while natural dessert valley sand has been used by P38/40 and P42.  
Crushed gravel, gravel (2/8 and 8/16 mm), basalt and gravel (14 mm), crushed rock 
limestone (10 mm), gravel (14 mm), gravel (19 mm), crushed basalt, limestone 
aggregate (10-20 mm), crushed limestone, crushed limestone (19 mm), crushed 
granite (19 mm), natural coarse and recycled aggregate, crushed quartzite (19 mm), 
crushed limestone (28 mm), coarse aggregate (shale 9 and 0.8 mm diameter), 
crushed quartzite, coarse aggregate (25 mm), round and crushed gravel (10 mm), 
crushed granite (10 mm), pit gravel (19 mm), crushed hard sandstone, quartzite 
gravel and crushed limestone lightweight aggregate (38-25 mm) with gravel (38 mm) 
were used as coarse aggregates by P2/17/21/23/28/33/38/44/45/46/56/54/57/60/ 
61/62/63/64/65/67/68/69 and P70. The coarse aggregate with the dimensions of 0-
5mm and 5-12.5 mm were used by P32 while river gravel (0-4 mm), crushed 
limestone and crushed basalt (4-12 mm) were used by P39. There was no mention 
about the type of the coarse aggregate for P5/24/30/34/37/47/50/52 and P58.  
For admixtures, as Table 3.4 shows, the papers have used silica fume (SF), light 
grey microsilica fume and light grey densified microsilica, limestone powder (LP), fly 
ash (FA) (class F and C) FBC spent bed and PCC fly ash. Regarding liquid 
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admixtures, viscosity modifying admixture (VMA), high range water reducing 
admixture (HRWR), superplasticiser and air entraining (AE) agents have been 
included into the mix designs. In addition, papers P37/60/62/63 have used shrinkage 
reducing admixtures. Retarder CHRYTARD and calcareous filler, sodium salt of 
naphthalene polymer and synthetic resin type, dispersing agent and retarder agent 
and accelerating admixture have been added to the mix design by P28/32/56/59 and 
P63. There was no mention about type of admixtures for                    
P24/33/34/39/47/50/58/65/68/69 and P70. Table 3.4 shows the type of the used 
admixtures and fillers. 
Table 3.4: List of admixtures and fliers with associated paper numbers 
Papers SF LP SP AE VMA HRWR FA (F) FA (C) Microsilica fume Densified microsilica 
FBC 
PCC 
P2 -   -  - - - - - - 
P5  -  - - - - - - - - 
P17 -   - - - - - - - - 
P21   - - -  - - - - - 
P23  -  - - - - - - - - 
P30  -  - - -  - - - - 
P32  -  - - - - - - - - 
P37  -   -  - - - - - 
P38  -  - - - - - - - - 
P42 - -  - - - - -  - - 
P44 -  - - - - - - - - - 
P45 - - - - - - - - - - 
P46 - - - - -    - - - 
P49 - -  - - - - - - - - 
P52 - -  - - - - - - - - 
P53 - -  - - - -  -  - 
P54 - - - - -  - - - - - 
P56 - - - - - -  - - - - 
P57 - - - - -   - - - - 
P59  - - - - - - - - - - 
P60 - -  - - -  - - - - 
P61  - - - -  - - - - - 
P62 - -   - -  - - - - 
P63 - - -  - - - - - - - 
P64 - -  - - - - - - - - 
P67 - -  - - -  - - - - 
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3.2.1 Number of batches  
Large sets of HSC and NSC data are reported by the shortlisted papers. Table 3.5 
presents the number of batches with associate papers numbers. 
Table 3.5: List of the number of data points with associated paper numbers 
Number of batches Papers 
1 P17/24/30/37/38 
2 P5/52/53/67 
3 P28/47/56/61 
4 P2/23/33/34/44/58/64
5 P57 
6 P32 
8 P39/60 
10 P21/54 
11 P45/46 
12 P59/65 
13 P42 
16 P62 
18 P40 
23 P50 
35 P63 
36 P68 
48 P69 
192 P70 
3.2.2 Curing (days) 
There are different ranges of curing times reported in the papers, from 7 days to 365 
days (Table 3.6). The curing time equals the age of the concrete (section3.4).  
Table 3.6:  Curing (days) with associated papers numbers 
Curing (days) Papers 
7 P24/34/40/56/70 
14 P52/58 
28 P2/5/17/21/23/28/30/32/33/38/42/44/45/46/53/54/56/59/61/67/68/69 
56 P39 
91 P60/63/64/69 
105 P37/47 
180 P50 
365 P57/62/70 
 
 
 58
3.2.3 Size of specimens 
For papers P17/21/33/40/42/45/46/47/53/56/60/61/62/65 and P67, the dimensions of 
the specimens for the cylinder splitting test was 150 mm diameter by 300 mm long 
while for papers P5/44/54/59 and P64 the dimensions of the cylinder specimens 
were 100 mm diameter by 300 mm long. The splitting tests for P57/63/69 and P70 
were conducted on 152 mm diameter by 305 mm long cylinders while P2 and P24 
mentioned a 110 mm diameter by 220 mm long cylinder. The remaining papers 
P23/28/52 and P68 used 100×117 mm, 102×203 mm, 77×154 mm and 180×300 mm 
cylinder specimens respectively.   
The dimensions of the specimens for the cube compressive test conducted for P32 
was 150 mm square cubes, while P5/21/23/32/44/59/64 and P65 used 100 mm 
square cross section cube. The dimension of the specimens for the cylinder 
compressive test was 150 mm diameter by 300mm long for P17/33/40/42/45/ 
46/47/53/60/61/62 and P67. The cylinder compressive tests for P57/63/69 and P70 
were conducted on 152 mm diameter by 305mm long cylinders while P24/54 and 
P56 mentioned 100 mm diameter by 200 mm long cylinders. Papers P2/28/52 and 
P68 used 110×220 mm, 102×203 mm, 77×154 mm and 180×300 mm cylinder 
specimens respectively.   
The dimensions of the specimens for the MOR test conducted for P21/23/44/59/64 
and P65 was 100 mm square cross section by 500 mm span while for 
P24/32/37/47/56 and P57, it was 100 mm square cross section by 400 mm span. 
The dimensions of the cubic specimens for the MOR test was 150 mm square cross 
section by 600 mm span for P17 and P67, for P39 and P61 was 100 mm square 
cross section by 360 mm span, for P63 and P69 was 152 mm square cross section 
by 914 mm span. The rest of the papers P5/33/42/53 and P68 used 152 mm square 
cross section by 800, 500, 530, 350 and 800 mm span respectively, P28 and P70 
used 152 mm square cross section by 535mm and 533 mm span respectively, P40 
and P45 used 100 mm square cross section by 350 mm and 300 mm span 
respectively. P46/54 and P60 used 75 mm square cross section by 300, 450 and 
400 mm span respectively and P/52 used 114 mm square cross section by 342 mm 
span. There were a few papers P30/34/38/50 and P58 without mentioning anything 
about the size of the specimens used for splitting, compressive and MOR tests.  
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For P40/47/53/56 and P67 the quoted values of cylinder splitting, cylinder 
compressive and MOR were based on the average of six tests. For P21/28/33/ 
39/46/60/61 and P65, the quoted values of strengths were based on the average of 
three tests. For P68, the quoted values of cylinder splitting and compressive strength 
were based on the average of three tests while the quoted values of MOR were 
based on the average of only two tests while for P17 and P54 the quoted values of 
strengths were based on the average of one test.  
3.3 Codes of practice and standards 
The testing procedures for cylinder splitting test, cylinder/cube compressive tests 
and the MOR of the present papers were based on different standards. The 
standards used for P46/5/28/30 and P56/39/42/45 and P53 were ASTM standards 
with associated numbers of C192, C1018, C39, C779, C157, C469, and C496 
respectively. There were a few papers P57/60/61/62/69 and P70 based on ASTM 
standards but without any specific code number. The ACI 318 standard was used for 
P33/34/47/50/52/54/63 and P67 while ACI 544 standard was used only for P58. The 
standard used for P37/38 and P40 was ACI without any specific code number. The 
standard utilised for P23 and P44 was BS 12 (19991) and BS 5400 (1985) 
respectively and the standard used for P64 and P65 was British Standard without 
any specific code number. The testing procedures for P17 and P32 were based on 
RILEM RC6 (1970) and RILEM TC 129 respectively. The testing procedures for 
cylinder splitting test, cylinder/cube compressive tests and the MOR of P2/21/24/59 
and P68 were based on CEB-FIP, Egyptian technical code, Korean standard (KS F 
2403), Norwegian concrete code (NS 427 A), and Japanese Codes respectively. As 
mentioned earlier in Section 3.2.3, the compressive test conducted for 
P5/21/23/32/44/59/64 and P65 was based on cube compressive test while for rest of 
the papers; it was based on cylinder compressive test. As the proposed correction 
factors were represented on the cylinder compressive strength, hence, the quoted 
cube compressive strength values were converted to cylinder compressive strength 
by the constant factor of 0.8.  
3.4 Developed methods and potential gaps 
As mentioned previously, the foundation of the present research is based on Lin and 
Raoof (1999) and Senussi (2004) investigations. Lin and Raoof (1999) proposed a 
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correction factor which aimed to overcome the shortcomings associated with the 
closed form formula used in the Brazilian concrete cylinder splitting test. Later, 
Senussi (2004) suggested another correction factor for the MOR which was derived 
from Lin’s method. In order to prove the application of the Lin and Raoof (1999) 
correction factor (there was no experimental works conducted by Lin and Raoof 
(1999)), Senussi (2004) carried out laboratory tests in order to check the general 
practicality of the proposed correction factors and provide practically reasonable 
estimates of the true uniaxial tensile strength of concrete. Table 3.7 shows the scope 
of Senussi’s tests (2004) and the tests of other authors that Senussi referred to in his 
thesis.  
Table 3.7: The list of tests conducted by Senussi and other investigators (2004) 
Type of  
concrete 
Curing  
(days) 
No. of  
batches 
Type of  
coarse aggregate 
Source of  
data 
NSC 28 36 Crushed sandstone Akazawa (1953) 
NSC 28 24 Aggregate -10 to 64mm Walker and Bloem (1960) 
NSC 91 24 Aggregate -10 to 64mm Walker and Bloem (1960) 
NSC 7, 28 and 365 192 Crushed sandstone Grieb and Werner (1962) 
NSC 14 21 20mm river gravel 
Senussi (2004) 
NSC 14 24 10mm river gravel 
NSC (LWA*) 14 20 14mm Lytag 
NSC 14 35 20mm river gravel 
HSC 14 49 10mm crushed granite 
NSC (LWA) 14 20 14mm Lytag 
NSC 14 30 10mm river gravel 
NSC 28 20 10mm river gravel 
NSC 14 30 10mm crushed granite 
NSC 28 20 10mm crushed granite 
NSC (LWA) 28 20 14mm Lytag 
*LWA: Lightweight Aggregate 
A total of 290 batches were cast in Senussi (2004)’s work, covering different 
parameters such as types of coarse aggregate, age of testing with different ranges of 
loading rates. In order to increase the reliability of the proposed correction factors, it 
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is necessary to provide additional data points which can increase the reliability of the 
proposed correction factors in the first place and also fill in all the potential gaps from 
previous investigations. Hence, large sets of experimental works (Table 3.8) have 
been conducted either to cover the following gaps (especially full set of curing times, 
concrete with admixture and fillers and various practice codes) which has not been 
covered by previous investigators. The available shortcomings can be outlined as 
follow:  
 Curing is one of the most important factors in concrete construction, greatly 
increasing concrete strength and durability. Concrete gains strength because of 
hydration (i.e. the chemical reaction between cement and water). The hydration 
occurs only if there is free water available and if the concrete's temperature is 
within an appropriate range like 20-22°C (BS EN 12390-2:2000). The hydration 
process continues over many weeks, months and years, rapidly over the first few 
days, then slowing down after weeks and months. To accurately measure the 
target (final) ultimate strength of concrete would require several years. This would 
be impractical for most testing, research and certification, hence a time period of 
28 days (4 weeks) is typically used by specifications and standards as the age 
that concrete should be tested, as at this age, a substantial percentage of the 
hydration has taken place.  
The 3, 7, 14, 28 and 91 days strength presented in this study are curing times 
(recommended by most of the practice codes such as BS EN 12390-2:2000). The 
majority of previous research is also based upon these ranges, hence, the curing 
times for this study followed this pattern and curing times.  Moreover, curing the 
specimens for longer than 91 days was not practically possible due to the  time 
needed to complete the testing programme, analysis and hence this PhD  thesis. 
Therefore, in order to cover a sufficiently broad range of sample ages, the 
investigator has supplemented his investigative laboratory data with a thorough 
literature review in order to add to the final working data set, in this case 100, 
105, 180 and 365 days strength for the NSC and 135 and 365 days strength for 
the HSC.   
In order to check and ensure that the new experimental mixes cast and tested for 
this study could be utilised to cast the expected mix requirements and hence 
complement and build upon the existing data from literature, the 3 day strength 
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specimens were cast and cured first and then compared to existing data from 
literature. Each theoretical equation also has its own boundaries and limitations. 
The current proposed correction factors have their own limitations (discussed in 
Chapter 6) which require high cylinder compressive strength, hence specimens 
less than 3 days (i.e. 1 or 2 days) were not cast and tested. 
 There are no data points for 3, 7, 28 and 91 days of HSC in Senussi (2004)’s 
investigation. 
 The effect of admixtures and fillers has not been investigated (i.e. the effect of 
blended cement concrete such as SCC incorporating fly ash, slag (GGBS) and 
other fillers).  
 The applicability of the proposed correction factors has not been viewed under 
different practice codes (Senussi’s investigation is based on British standard).  
 The type of cement was constant for previous investigations, so it is important to 
change the type of cement to investigate the potential influences. 
 For all the previous research, the concrete compacting process (after casting) 
was based on table vibration or hand compaction. It is of scientific interest to 
investigate the practicability of the proposed correction factors when there is no 
compaction or vibration.  
As mentioned, Senussi (2004) studied the effect of the various coarse and fine 
aggregates and loading rates on the proposed correction factors. However, there are 
some gaps in terms of curing times and the effect of admixtures. Table 3.8 shows 
the batches which were conducted by the present investigator to fill in some of the 
potential gaps.  
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Table 3.8: The list of batches conducted through the current research  
Type of  
concrete 
Curing 
(days) 
No. of  
batches  
Source of  
data 
NSC 3 22 
Cast by 
author 
NSC 91 7 
HSC 3 16 
HSC 7 56 
HSC 14 26 
HSC 28 29 
HSC 91 10 
SSC (FA*) 3 8 
SSC (FA) 7 8 
SSC (FA) 14 8 
SSC (FA) 28 8 
SSC (FA) 91 12 
SSC (GGBS) 3 12 
SSC (GGBS) 7 12 
SSC (GGBS) 14 12 
SSC (GGBS) 28 12 
 
*FA: Fly Ash 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 64
3.5 Notations and summaries of the papers  
Table 3.1: List of paper numbers and authors 
Paper No Authors 
P2 Castel et al. (2010) 
P5 Balendran et al. (2002) 
P17 Desnerck et al. (2007) 
P21 Sayed et al. (2009) 
P23 Conroy and Barr (2004) 
P24 Yun et al. (2007) 
P28 Miltenberger et al. (2007) 
P30 Kayali (2004) 
P32 Janotka and Nurnbergerova (1999) 
P33 Foutch et al. (1990) 
P34 Chakrabarti (1987) 
P37 Abrishami and Mitchell (1998) 
P38 Ashour et al. (1997) 
P39 Wegen et al. (1993) 
P40 Wafa et al. (1992) 
P42 Bakhsh et al. (1990) 
P44 Ahmed et al. (2000) 
P45 Ghafoori and Mora (1999) 
P46 Naik et al. (1999) 
P47 Mitchell et al. (1996) 
P50 Akhtaruzzaman and Hasnat (1989) 
P52 Li et al. (1993) 
P53 Wafa and Ashour (1992) 
P54 Yang et al. (2009) 
P56 Bouzoubaa et al. (2002) 
P57 Langley et al. (1993) 
P58 Ward and Li (1991) 
P59 Zhang and Gjorv (1992) 
P60 Bisaillon et al. (1995) 
P61 Balaguru and Dipsia (1993) 
P62 Langley et al. (1990) 
P63 Rezansoff and Corbett (1989) 
P64 Swamy and Al-Asali (1989) 
P65 Narayan and Palanjian (1984) 
P67 Yoon and Jang (2002) 
P68 Akazawa (1953) 
P69 Walker and Bloem (1960) 
P70 Grieb and Werner (1962) 
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Table 3.2: Keys and notations used in the papers 
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Table 3.3: Summary of the analysed published papers 
Paper Type of concrete Materials 
Test 
methods
Compression 
test type 
No. of 
batches 
Curing 
(days) Note Standard 
Size of specimens     
(mm) Admixture 
P2 NSC Cement, 
sand, gravel 
CST, 
MOR, 
CCT 
Cylinder 2 28 No dimensions 
specimens 
 for the MOR 
CEB-FIP 
 
CCT          110×220       
CST         110×220 
LF, SP, VMA 
P5 HSC Cement, 
crushed 
Limestone 
sand 
CST, 
MOR, 
CCT 
Cube 2  28  - ASTM C1018        CCT         100×100×100   
CST          100×200  
        MOR       150×150×800 
SP, SF 
P17 NSC Cement, 
sand, gravel 
(2/8mm), 
gravel 
(8/16mm)  
CST, 
MOR, 
CCT 
Cube and 
Cylinder 
1  28  - RILEM RC6, 
1970 
  CCT       100×100×100      
CST & CCT        150×300     
MOR       150×150×600  
SP, LF  
P21 NSC, 
SCC 
 
 
Cement, 
Basalt and 
gravel 
(14mm), 
sand 
(4.75mm) 
CST, 
MOR, 
CCT 
 
 
Cube 
 
10 
 
28  1 batch of NSC 
and 9 batches of 
SCC 
Egyptian 
technical 
specifications 
for SCC 
(2007) 
CCT          100×100×100      
CST                 150×300      
MOR         100×100×500  
   
HRWR, LF, SF 
P23  HSC Cement, 
crushed rock 
limestone 
(10mm), 
sand 
CST, 
MOR, 
CCT 
Cube 4 28  - British 
Standard, BS 
12, 1991 
 
CCT          100×100×100      
CST                 100×117      
MOR         100×100×500  
SP,SF 
P24 HSC Portland 
cement, silica 
sand, coarse 
aggregate 
CST, 
MOR, 
CCT 
Cylinder 1 7 9 cylinders and 
3 prisms were 
cast for each 
mix 
Korean 
Standard KS F 
2403 
CST & CCT   100×200     
MOR     100×100×400 
 
N/A 
P28  NSC Cement CSA 
type 10, 
sand, gravel 
 CST, 
MOR. 
CCT 
Cylinder  3  28  - ASTM C 39  CST & CCT   102×203     
MOR     152×152×535 
 
Glucose based, 
SRA 
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Paper 
Type of 
concrete
Materials 
Test 
methods 
Compression 
test type 
No. of 
batches 
Curing 
(days) 
Note Standard 
Size of specimens     
(mm) 
Admixture 
P30 Concrete 
with high 
volume of 
fly ash 
Cement, 
sand, 
coarse 
aggregate 
CST, MOR, 
CCT 
Cylinder 1  28  - ASTM C 779  
 
N/A FA (class F), SF, 
SP 
P32 HSC Cement 
CPH HP, 
sand (0-
5mm), 
coarse 
aggregate 
(5-
12.5mm), 
coarse 
aggregate 
(12.5-
25mm) 
CST, MOR, 
CCT 
Cube 6  
 
28  No dimensions 
specimens for 
CST 
RILEM TC 
129  
  CCT         150×150×150     
     MOR       100×100×400  
 
SF , SP, 
Retarder 
CHRYTARD, 
calcareous filler 
P33  NSC Type I 
Portland 
cement, 
river sand, 
gravel 
(19mm) 
CST, MOR, 
CCT 
Cylinder 4  
 
28 - ACI 318  CST & CCT   150×300     
MOR     150×150×500 
 
 
N/A 
P34 NSC Cement, 
sand, 
coarse 
aggregate 
 CST, MOR, 
CCT 
Cylinder 4 
 
7 Cylinder, cubic 
and prism 
specimens were 
used 
 
ACI 318-83  N/A N/A 
P37 NSC, 
HSC 
Cement, 
sand, 
coarse 
aggregate 
CST, MOR, 
CCT 
Cylinder 1  
 
105  -No dimensions 
specimens for 
CST and CCT  
 
 
ACI Building 
Code (no 
specific 
number)  
 
MOR      100×100×400 
 
SF, SP, AE, 
HRWR 
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Paper 
Type of 
concrete 
Materials 
Test 
methods 
Compression 
test type 
No. of 
batches
Curing 
(days) 
Note Standard 
Size of specimens     
(mm) 
Admixture 
P38 HSC Type I cement, 
crushed 
aggregate 
(basalt), valley 
sand 
CST, MOR, 
CCT 
Cylinder 1  
 
28  Cylinder, 
cubic and 
prism 
specimens 
were used 
ACI Building 
Code (no 
specific 
number) 
 
N/A SF, SP 
P39 NSC Ordinary 
Portland cement, 
Portland blast 
furnace slag 
cement, river 
sand (0-4mm), 
river gravel, 
crushed 
limestone, 
crushed basalt 
(4-12mm) 
CST, MOR, 
CCT 
Cylinder 8  
 
56  No 
dimensions 
specimens for 
CST and CCT  
ASTM 
C157-80  
MOR        100×100×360 
 
N/A 
P40 NSC Cement, 
crushed basalt 
(10mm), valley 
desert sand 
CST, MOR, 
CCT 
Cylinder 18  
 
7  - ACI Building 
Code (no 
specific 
number) 
 
CST & CCT   150×300     
MOR     100×100×350 
 
 
 
SP 
P42 HSC Ordinary 
Portland cement, 
natural dessert 
valley sand, 
crushed basalt 
(10mm) 
CST, MOR, 
CCT 
Cylinder 13  28 -  
 
ASTM C 
469  
 
 
CST & CCT   150×300     
MOR     150×150×530 
Light grey 
microsilica fume 
and 2 types of 
SP (1:used to 
lower the water 
content 
requirement of 
concrete mix, 2: 
provide good 
workability) 
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Paper 
Type of 
concrete 
Materials 
Test 
methods 
Compression 
test type 
No. of 
batches
Curing 
(days) 
Note Standard 
Size of specimens     
(mm) 
Admixture 
P44 Silica fume 
concrete 
Cement, 
limestone 
aggregate 
(10mm and 
20mm), sand  
CST, MOR, 
CCT 
Cube 4 
 
28 - BS 5400, 
1985, Part 1 
 
CCT          100×100×100    
CST                 100×200     
MOR         100×100×500 
2mm (dust) 
limestone 
P45 Compacted 
non-
cement 
concrete 
utilising 
FBC and 
PCC 
Natural 
siliceous fine 
aggregate, 
crushed 
limestone 
coarse 
aggregate 
CST, MOR, 
CCT 
Cylinder 11  
 
28  - 
 
ASTM C 
496 
 
CST & CCT   150×300     
MOR     100×100×300 
 
 
FBC spent bed, 
PCC fly ash 
P46 NSC with 
blended fly 
ash 
Portland 
cement, 
crushed 
limestone 
(19mm), and 
natural sand 
(6.3mm) 
CST, MOR, 
CCT 
Cylinder 11  
 
28  - ASTM C 
192  
CST & CCT   150×300     
MOR     75×75×300 
 
 
FA (class C and 
F), HRWR 
 
 
P47  NSC  N/A CST, MOR, 
CCT 
Cylinder 3 105 Each batch 
includes six  
specimens 
 
 
ACI Building 
Code 318 
 
CST & CCT   150×300     
MOR     100×100×400 
N/A 
P50 
 
 NSC Cement, 
coarse, fine 
aggregate 
CST, MOR, 
CCT 
Cylinder 23  
 
180 The A and B 
series’ stand 
for nominal 
concrete 
strengths of 
20.7MPa and 
34.5MPa 
respectively  
ACI Building 
Code 318  
 
N/A N/A 
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Paper 
 
Type of 
concrete Materials 
Test 
methods 
Compression 
test type 
No. of 
batches
Curing 
(days) Note Standard 
Size of specimens     
(mm) Admixture 
P52 
 
NSC Type III rapid 
hardening 
cement and 
coarse, fine 
aggregate 
CST, MOR, 
CCT 
Cylinder 2 
 
 
14 - ACI Building 
Code 318  
 
CST & CCT   77×154     
MOR     114×114×342 
SP 
P53 
 
HSC Ordinary 
Portland 
cement, 
crushed basalt 
(10mm), sand 
and steel fibre 
(60mm length, 
0.8mm 
diameter) 
CST, MOR, 
CCT 
Cylinder 2 
 
 
28 12 cylinders 
and 6 beams 
were 
fabricated 
from each mix 
ASTM C 
496 
CST & CCT   150×300     
MOR     150×150×350 
 
 
 
 
Light gray 
densified 
microsilica, SP 
P54 
 
NSC Ordinary 
Portland 
cement, 
natural coarse 
and fine 
aggregate, 
fine, recycled 
aggregate 
CST, MOR, 
CCT 
Cylinder 10  
 
 
28  - 
 
 
ACI Building 
Code 318 
 
CST & CCT   100×200     
MOR     75×75×450 
 
HRWR 
P56 
 
Concrete 
with high 
volume fly 
ash 
 Blended fly 
ash cement, 
crushed 
granite 
(19mm), sand 
CST, MOR, 
CCT 
Cylinder 3  
 
 
28  2 fly ash mix 
and 1 control 
Portland 
cement 
concrete mix 
were made 
ASTM C 
779 
CCT          100×200        
CST          150×300        
MOR         100×100×400 
 
 
 
 
 
FA, sodium salt 
of naphthalene 
Sulfonate 
polymer (as a 
HRWR), 
synthetic resin 
type ( as a AE) 
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Paper 
Type of 
concrete Materials 
Test 
methods 
Compression 
test type 
No. of 
batches
Curing 
(days) Note Standard 
Size of specimens     
(mm) Admixture 
P57 
 
Concrete 
with high 
volume fly 
ash 
Normal 
Portland 
cement, 
crushed 
quartzite 
(19mm), 
natural and 
gravel sand 
CST, MOR, 
CCT 
Cylinder 5 
 
 
365 - 
 
ASTM 
standard (no 
specific 
number) 
 
CST & CCT   152×305     
MOR    100 ×100×400 
FA (class F), 
HRWR 
P58 NSC Cement, fine 
and coarse 
aggregate and 
fibre 
CST, MOR, 
CCT 
Cylinder 4 14 - ACI Building 
code 544 
N/A N/A 
P59 
 
High 
lightweight 
concrete 
Cement, sand 
and coarse 
aggregate 
CST, MOR, 
CCT 
Cube 12 
 
 
28 
 
 
- Norwegian 
concrete 
code NS 
427 A 
CCT          100×100×100    
CST          100×200        
MOR         100×100×500 
SF, dispersing 
agent, retarder 
agent 
P60 
 
 
Concrete 
with high 
volume fly 
ash 
Cement, 
natural sand 
and crushed 
limestone 
(28mm) 
CST, MOR, 
CCT 
 
Cylinder 
 
8 
 
91 6 cylinders 
and 3 cubs 
were 
fabricated 
from each mix 
ASTM 
standard (no 
specific 
number) 
 
CST & CCT   150×300     
MOR     75×75×400 
AE, FA  (class 
F), SP 
 
P61 
 
High 
strength 
semi 
lightweight 
concrete, 
NSC 
 
Cement, sand 
and coarse 
aggregate 
(expanded 
shale 9mm) 
0.8mm 
diameter),steel 
fibre 
CST, MOR, 
CCT 
 
 
 
Cylinder 
 
 
3 
 
28 
 
 
-6 cylinders 
and 3 cubs 
were 
fabricated 
from each mix 
-1 batch of 
NSC and 2 
batch of HSC 
 
ASTM 
standard (no 
specific 
number) 
CST & CCT   150×300     
MOR    100×100×360 
SF, HRWR 
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Paper Type of concrete Materials 
Test 
methods 
Compression 
test type 
No. of 
batches
Curing 
(days) Note Standard 
Size of specimens     
(mm) Admixture 
P62 
 
Concrete 
with high 
volume fly 
ash 
Normal 
Portland 
cement, 
natural sand, 
crushed 
quartzite 
CST, MOR, 
CCT 
Cylinder 16 
 
 
365 The MOR 
was 
performed on 
cubic 
specimens 
 
ASTM 
standard (no 
specific 
number) 
CST & CCT  150×300 AE, FA (class 
F), SP 
 
P63 
 
NSC Cement, sand, 
coarse 
aggregate 
(25mm) 
CST, MOR, 
CC 
 
Cylinder 
 
35 
 
91 - 
 
ACI 
committee 
318 
CST & CCT   152×305     
MOR    152×152×914 
AE, 
accelerating 
admix (for 
decreasing the 
air content) 
P64 
 
HSC, NSC 
 
 
 
 
 
 
 
 
 
 
Cement, sand, 
rounded and 
crushed gravel 
(10mm), 
Beltane opal 
(partial 
replacement of 
fine aggregate, 
150 to 300µm), 
an amorphous 
fused silica 
(partial 
replacement of 
fine aggregate, 
150 to 600µm) 
CST, MOR, 
CCT 
 
Cube 
 
4 
 
 
91 3 batches of 
NSC and 1 
batches of 
HSC 
 
British 
Standard 
(no specific 
number) 
CCT          100×100×100     
CST          100×200         
MOR         100×100×500 
SP 
P65 
 
NSC 
 
 
Ordinary 
Portland 
cement, sand 
polypropylene 
fibres (50mm 
long), crushed 
granite 
(10mm) 
CST, MOR, 
CCT 
Cube 
 
12 
 
7 3 cylinders, 3 
beams  and 3 
cubs were 
fabricated for 
each batch 
British 
standard (no 
specific 
number) 
 
CCT          100×100×100 
CST            150×300        
MOR         100×100×500 
N/A 
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Paper Type of concrete Materials 
Test 
methods 
Compression 
test type 
No. of 
batches
Curing 
(days) Note Standard 
Size of specimens     
(mm) Admixture 
P67 
 
HSC 
 
 
 
 
 
 
 
Portland 
cement, pit 
gravel (19mm), 
river sand 
 
 
 
 
CST, MOR, 
CCT 
Cylinder 2  
 
 
28  -The tests 
were 
performed in 
three cases: 
1) fully 
compacted 
concrete (1 
batch) , 2) 
high 
performance 
concrete (2 
batches), and 
3) poorly 
compacted 
concrete 
ACI Building 
Committee 
318  
 
CST & CCT   150×300     
MOR    150×150×600 
 
 
 
 
FA (class F), 
slag, SP 
P68 
 
NSC Ordinary 
Portland 
cement, 
crushed hard 
sandstone 
CST, MOR, 
CCT 
Cylinder 36 28 3 cylinders, 2 
beams  and 3 
cubs were 
fabricated for 
each batch 
Japanese 
Standard 
(no specific 
number)   
CST & CCT   180×300     
MOR    150×150×800 
 
N/A 
P69 
 
NSC Quartzite 
gravel  
CST, MOR, 
CCT 
Cylinder 48 28 and 
91 
- ASTM 
Standard 
(no specific 
number)    
CST & CCT   152×305     
MOR    152×152×914 
 
N/A 
P70 
 
NSC 38mm and 
25mm crushed 
limestone, 
lightweight 
aggregate, 
38mm gravel 
CST, MOR, 
CCT 
Cylinder 192 7 and 
365 
- ASTM 
Standard 
(no specific 
number)    
CST & CCT   152×305     
MOR    152×152×533 
 
N/A 
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3.6 Conclusions 
A large series of experimental data has been previously published (Chapter 2).  
However, it is not possible to utilise all these data points in the present research as 
suitable test data. Firstly, it should all be from the same batch of concrete, and 
secondly not only the MOR, but also the cylinder splitting strength plus their 
associated cylinder and/or cube compressive strength, are required. 38 papers have 
reported both MOR and cylinder splitting strengths with associated cylinder and/or 
cube compressive strength for each individual batch (Tables 3.1, 3.2 and 3.3). 
A total of 290 were generated in Senussi (2004) work, covers different parameters 
such as different types of coarse aggregate, different age of testing with different 
range of loading rates. In order to increase the reliability of proposed correction 
factors, it is essential to provide more data points which can increase the reliability of 
the proposed correction factors in the first place and also fill out all potential gaps of 
previous investigations, hence, the present investigator has conducted a large set of 
experimental works (Table 3.8) either to cover the potential shortcomings (especially 
full set of curing times, concrete with admixture and fillers and various practice 
codes) which has not been covered by Senussi (2004) and previous investigators. 
Senussi (2004) has studied the effect of the various coarse and fine aggregates and 
loading rates on proposed correction factors, however, there are some gaps in terms 
of curing times and the effect of admixtures, cement and fillers.  
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Chapter 4: Experimental Programme 
4.1 Introduction 
The present experimental investigation has been conducted in order to produce 
experimental data of normal strength concrete (NSC), high strength silica fume 
concrete (HSC) and self compacting concrete (SCC) required to broaden, and 
increase the reliability of a method to determine the true uniaxial tensile strength of 
concrete. On the basis of theoretical parametric studies very simple correction 
factors have been developed by Lin and Raoof (1999) and Senussi (2004).  
For the correction factors a large amount of experimental data was required in order 
to ensure a high statistical correlation. 29 batches of NSC, 137 batches of HSC, 44 
batches of SCC incorporating fly ash and 47 batches of SCC incorporating slag 
(GGBS) were cast in order to compare and analyse the proposed correction factors 
correlations. Each batch of NSC, HSC and SCC included 12 samples of which 6 
cylindrical samples (304.8 mm long and 152.4 mm diameter) were cast to determine 
the splitting tensile strength and compressive strength. In addition, three beams 
(500×100×100 mm) were cast to determine the modulus of rupture (MOR), for 
comparison with the corresponding tensile strength. Three 100mm cube specimens 
were also cast so that the final results could also be expressed in terms of the cube 
strength (fcu) as well as cylinder crushing strength (fc). Because this research was 
focussed more on the indirect testing methods (i.e. cylinder splitting test and MOR), 
it was decided that any other experiments such as direct tensile strength testing 
was not required. 
The mix design of all batches included a variety of materials including types of 
aggregate, curing time (i.e. age of specimen), and quantity. According to Lin and 
Raoof (1999) and Senussi (2004), the reliability and generality of these correction 
factors have previously been investigated for NSC and HSC, however, no previous 
work on SCC has been conducted. The validity of the proposed correction factors for 
NSC and HSC under variable factors (i.e. age of specimens, type/quantity of 
materials, filler, admixtures and standards) had not been previously investigated, 
hence all these factors have been taken into account in the present research in order 
to complete the body of research and knowledge on these three types of concrete 
(i.e. NSC, HSC and SCC). Hence, a significantly broad and diverse database 
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required in order to cover all these necessary parameters which can influence the 
correction factors. For this purpose, additional experimental work was conducted to 
complete the validating process. Table 4.1 shows the mixes which have been cast 
for this research. 
Table 4.1: Number of concrete batches in terms of age for the present research 
Mix Age (days) Number of batches 
N
SC
 
3 22 
91 7 
H
SC
 
3 16 
7 56 
14 26 
28 29 
91 10 
SC
C
 w
ith
 fl
y 
as
h 
3 8 
7 8 
14 8 
28 8 
91 12 
SC
C
 w
ith
 
G
G
B
S 
3 12 
7 12 
14 12 
28 12 
Total 
 
 
258 
A total of 258 batches of concrete were therefore cast and tested at ages from 3 to 
91 days as part of this investigation.  
4.2 Materials  
The materials used in the present research for manufacturing the NSC, HSC and 
SCC mixes included: 
Cement - For manufacturing the NSC, HSC and SCC (incorporating with fly ash), 
Castle Multicem has been used which complies with BS EN 197-1: 2000 CEM II/A-
LL Portland-limestone cement strength class 32,5R. For the HSC mixes, 10% silica 
fume (by weight) was used in addition to the Multicem cement.  
For manufacturing the SCC (incorporating with GGBS), Portland Cement 
manufactured by Hanson has been used. As this cement conforms to the 
requirements of BS EN 197-1: 2011 CEM 1 Portland Cement it was acceptable for 
use. This type of cement is not classified as high strength cement but is suitable for 
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all NSC mixes including the production of SCC and as such was deemed suitable for 
the research.  
In previous research, conducted by Senussi (2004), Blue Circle Ordinary Portland 
Cement (OPC) conforming to BS 1881, part 125 (1986) was used for all NSC and 
HSC mixes. In the present research, different types of cement (in terms of different 
codes) were used in order to investigate the effect of different types of cement, in 
terms of type and standard, on the proposed correction factors. All the cement was 
stored in the storage area of the Loughborough University laboratory to keep them 
dry. 
Aggregate - For this study, for NSC, HSC and SCC (incorporating with fly ash), 10 
mm and 20 mm sized coarse aggregate (Scottish red granite) was used while the 
coarse aggregate used for SCC incorporating GGBS, was 8 mm and 10 mm river 
gravel. The different aggregates sizes were used in order to see the effect of size on 
the strength of the trial mixes.  
As Senussi (2004) investigated (i.e. parametric studies) the influence of the coarse 
aggregate (in terms of size and shape) on the correction factors, he used a variation 
of aggregates (Table 3.6). For the NSC mixes river gravel (10-20 mm), 14 mm Lytag, 
10 mm crushed granite was used while for the HSC mixes only 10 mm crushed 
granite was used. 
Sand - A well graded Trent Valley river sand with a nominal 50% passing the 600 
µm sieve was used for manufacturing all the batches of NSC, HSC and SCC for this 
study. Senussi (2004) used the same type and size of sand in his investigation.  
Water - Normal potable tap water was used. The water was visually checked to 
make sure that it was free from any impurities that could have affected the 
performance and strength of the fresh and hardened properties of concrete.  
Silica fume - For batching the HSC, Elkam Microsilica® grade 940 was used. This 
type of silica fume is a dry powdered material available in two main forms, 940U and 
940D.  Elkam silica fume grade 940U was used for this project. Table 4.2 represents 
the chemical composition and physical properties. Senussi (2004) used the same 
type and size of silica fume in his investigation. 
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Table 4.2: The specification of the Elkam Microsilica® grade 940U 
Chemical and physical requirements Specifications 
SiO2 >90 
H2O (moisture content when packed, %) <1.0 
Loss on Ignition, LOI (%) <3.0 
Retained on 45 micron sieve (tested on Undensified, %)  <1.5 
Bulk Density - Undensified (when packed, kg/m3) 200-350 
Bulk Density - Densified (when packed, kg/m3) 500-700 
 
Fly Ash - Fly ash is an inorganic material that can be used in conjunction with 
Portland cement and Multicem cement. The type used in the present experiments 
was CEMEX 450-S to comply with BS EN 450-1 (2005) Fly ash for concrete. It has a 
bulk density normally in the range of 800-1000 kg/m3, expressed as major oxides, it is 
approximately 50% silica and 26% alumina. The pozzolanic properties of 450-S 
enable it to react with lime released during cement hydration to form further 
cementitious phases. Senussi (2004) did not use fly ash in his manufacturing 
process.  
Ground granulated blast furnace slag (GGBS) - The mix design used for 
manufacturing the SCC incorporates the addition of slag. ‘Regan’ ground (GGBS) 
manufactured by Hanson was used as the slag admixture in the batching process 
(Table 4.3). As Regan is the only major GGBS manufacture in the UK, it was the 
easiest type of slag to incorporate. It conforms to BS 6699 (1992) as outlined by the 
EFNARC (2002). Senussi (2004) did not use GGBS in his manufacturing process. 
Table 4.3: Properties of Ground granulated blast furnace slag (GGBS) 
Chemical constituent Slag (%) 
SiO2 40.1 
CaO 42.2 
Al2O3 6.0 
Fe2O3 2.0 
MgO 4.7 
SO3 0.15 
MnO 2.6 
K2O 1.2 
TiO2 1.2 
Na2O - 
CI - 
Loss on ignition - 
Specific gravity 2.95 
Biain (m2/kg) 3.5 
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Superplasticiser (SP) - In batching the HSC for this study, Sika Viscoconcrete 25 
MP was used with a relative density of 1.06. It complies with EN 934 Part 2 Table 
3.1/3.2- high range water reducing/superplasticising admixtures. Senussi (2004) 
used the same type of superplasticiser (Sika Viscoconcrete 25 MP) in his HSC. The 
28 day compressive strength of Sika Viscoconcrete 25 MP is an average of 69 
N/mm2 with a w/c ratio of 0.40.  
In batching the SCC (for both incorporating with fly ash and GGBS) Fosroc Auracast 
200 (water reducer) was used. It also complies with EN 93 and it can be used to 
achieve high amounts of water reduction by up to 45 % to attain a desired slump. 
The properties of Fosroc Auracast 200 are shown in Table 4.4.  
Table 4.4: Properties of Fosroc Auracast 200 
Properties 
Nature Liquid 
Colour Dark Straw 
Specific gravity 1.050-1.070 
ph 4 +/- 1 
Chloride content <0.1% 
Na2O equivalent <0.5% 
Freezing point Sensitive to freezing 
Air entrainment 
Typically less than 
2% additional air is 
entrained at normal 
dosage. 
 
Viscosity modifying admixture (VMA) - SCC becomes a low yield and highly 
fluid mix with the addition of superplasticiser, but it requires the addition of VMAs to 
ensure cohesion is maintained. In the batching process of the SCC, Fosroc 
Structuro 480 was used in order to provide good consistency and stability. This 
admixture is used to raise the viscosity of t h e  paste and helps in increasing 
t h e  cohesiveness of concrete which in turn helps oppose bleeding, 
segregation and sedimentation of t h e  concrete mix.  Senussi (2004) did not use 
viscous VMAs. The specifications of the Structuro 480 are shown in Table 4.5. 
Table 4.5: Properties of Fosroc Structuro 480 
Appearance Opaque liquid 
Specific gravity 1.01 @ 20°C 
Chloride ions content <0.1% 
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Air entraining agent (AE) - For manufacturing the SCC with GGBS, AE’s were 
needed to stabilise the microscopic air bubbles in the concrete, hence, Conplast 
AE383 was used in order to improve the durability of the SCC. This admixture 
complies with BS 5075-2 (1982). Senussi (2004) has not used air AEs.  
4.3 Experimental data collection and standards 
Three samples were cast and tested for each strength parameter. In addition to the 
numerical value of strength, the failure mode (shape of failure), the presence of any 
segregation issues and the presence of unacceptable voids, was recorded. Previous 
experimental works by Lin and Raoof (1999) and Senussi (2004) have all followed 
the same methodology and complied with the same British Standards. Since the 
research by Lin and Raoof (1999) a large proportion of the relevant British Standards 
for testing and making concrete specimens has been superseded and withdrawn. 
This refers to the majority of BS 1881(1983) being superseded in the main part by 
BS EN 12390 in 2000 and 2002. To maintain consistency through the testing 
however, this research was conducted to comply with both sets of standards.   
4.4 Mix design 
4.4.1 Normal strength concrete (NSC) 
The Department of Environment (Senussi, 2004) procedure for the design of NSC 
mixes was used to design all the normal concrete mixes. The mixes were designed 
to have target strengths between 20 N/mm2 and 80 N/mm2. There were seven NSC 
mix designs investigated (Table 4.6). For the present research, the compressive 
strength ranged from 22 MPa to 70 MPa. 
Table 4.6: NSC mix design quantities 
Mix quantities (Kg) to produce 0.060 cubic metres 
Target 
Strength Cement 
Coarse 
Aggregate 
Fine 
Aggregate Water 
C20 13.5 69 40.7 10.3 
C30 16.5 70.4 36.3 10.3 
C40 19.2 70.7 33.3 10.3 
C50 23.1 70.1 30 10.3 
C60 25.3 56.9 41.3 10.0 
C70 29.4 56.4 37.3 10.0 
C80 33.8 56.3 33.1 10.0 
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As mentioned in Section 4.1, each batch of NSC, HSC and SCC included 12 
samples, 6 cylindrical samples (304.8 mm long and 152.4 mm diameter), 3 samples 
of small beams (500×100×100 mm) and 3 cube samples (100 mm square cross 
section), hence, the volume of each batch of concrete was 0.060 m3 (the mix 
quantities allowed for an extra 20% which was sufficient to cover wastage): 
Cylinder volume: 3m 0.0056256
2
152.4304.83.142rLπ 

 



   
Cube volume: (length of side)3 = (100)3 = 0.001 m3 
Beam volume:     3m 0.0045450100100hbL   
Total volume for each batch = (0.0056256×6) + (0.001×3) + (0.0045×3) = 0.050 m3 
Total volume for each batch (plus extra 20%) = 0.050×1.20 = 0.060 m3 
29 batches of NSC were cast, 14 with 10 mm Scottish red granite and the remaining 
15 with 20 mm Scottish red granite. 22 batches of concrete were cured for 7 days 
(N1 to N22), and the remaining seven batches cured for 91 days (N22 to N29) (Table 
4.7).  
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Table 4.7: NSC mix design quantities and curing time 
Mix quantities (Kg) to produce 0.060 cubic metres 
 
Series 
Target 
Strength 
Age 
(days) 
Size of 
Aggregate 
(mm) 
 
Cement 
Coarse 
Aggregate 
Fine 
Aggregate Water 
N1 C80  10 33.8 56.3 33.1 10.0 
N2 C70  10 29.4 56.4 37.3 10.0 
N3 C60  10 25.3 56.9 41.3 10.0 
N4 C50  10 23.1 70.1 30.0 10.3 
N5 C50  20 23.1 70.1 30.0 10.3 
N6 C80  10 33.8 56.3 33.1 10.0 
N7 C80  20 33.8 56.3 33.1 10.0 
N8 C70 7 20 29.4 56.4 37.3 10.0 
N9 C60  20 25.3 56.9 41.3 10.0 
N10 C70  10 29.4 56.4 37.3 10.0 
N11 C60  10 25.3 56.9 41.3 10.0 
N12 C50  10 23.1 70.1 30.0 10.3 
N13 C80  20 33.8 56.3 33.1 10.0 
N14 C70  20 29.4 56.4 37.3 10.0 
N15 C60  20 25.3 56.9 41.3 10.0 
N16 C50  20 23.1 70.1 30.0 10.3 
N17 C70  20 29.4 56.4 37.3 10.0 
N18 C50  10 23.1 70.1 30.0 10.3 
N19 C40  20 19.2 70.7 33.3 10.3 
N20 C40  20 19.2 70.7 33.3 10.3 
N21 C40  10 19.2 70.7 33.3 10.3 
N22 C40  10 19.2 70.7 33.3 10.3 
N23 C80  20 33.8 56.3 33.1 10.0 
N24 C70  20 29.4 56.4 37.3 10.0 
N25 C60  20 25.3 56.9 41.3 10.0 
N26 C50 91 20 23.1 70.1 30.0 10.3 
N27 C40  10 19.2 70.7 33.3 10.3 
N28 C30  10 16.5 70.4 36.3 10.3 
N29 C20  10 13.5 69.0 40.7 10.3 
4.4.2 High strength silica fume concrete (HSC) 
To obtain a proper relationship which is valid for a wide range of concrete strengths, 
it was essential to cast and test 10 concrete batches (mixes) varying from 20 N/mm2 
to 110 N/mm2 in increments of 10 N/mm2. The mix design used for this research was 
identical to that used in the previous research conducted by Senussi (2004). The 
quantities are based on the design procedure proposed and outlined by Aitcin 
(1998), based on the absolute volume method. As mentioned earlier, the volume of 
each batch of concrete was 0.06m3. The mix quantities allowed for an extra 20% to 
cover wastage. 137 batches of HSC were cast. The different types of coarse 
aggregates were used in order to see the effect of variations, in terms of shape and 
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size, on the proposed correction factors. Table 4.8 displays all the quantities of HSC 
mixes. For the present research, the compressive strength ranged from 16.15 MPa 
to 93.81 MPa. 
Table 4.8: HSC mix design quantities 
Mix quantities (Kg) to produce 0.060 cubic metres
Target 
Strength Cement 
Coarse 
Aggregate
Fine 
Aggregate Water
Silica 
Fume
Superplasticiser 
(ml) 
C20 13.9 53.9 55.4 8.7 1.5 0.31 
C30 15.4 53.9 53.8 8.6 1.7 0.34 
C40 17.8 53.9 51.6 8.6 2 0.35 
C50 19 53.9 50.3 8.6 2.1 0.39 
C60 20.1 53.9 49 8.6 2.2 0.44 
C70 21.4 53.9 47.9 8.5 2.4 0.47 
C80 22.8 53.9 46.5 8.5 2.5 0.51 
C90 24.5 53.9 44.8 8.5 2.7 0.54 
C100 26.1 53.9 43.2 8.5 2.9 0.58 
C110 27.7 53.9 41.6 8.4 3.1 0.62 
As mentioned above, the different types of coarse aggregates were used in order to 
see the effect of variations. Table 4.9 shows the number of manufactured batches 
made with HSC with type of aggregate and curing time. 
Table 4.9: Number of batches made with HSC with different types of coarse aggregate  
Type of aggregate Age (days) Number of batches 
10mm Scottish red granite 3 9 
20mm Scottish red granite 3 7 
10mm crushed granite 7 8 
10mm river gravel 7 38 
20mm river gravel 7 10 
10mm crushed granite 14 10 
10mm river gravel 14 16 
10mm crushed granite 28 8 
10mm river gravel 28 11 
20mm river gravel 28 10 
10mm Scottish red granite 91 10 
  137 
4.4.3 Self compacting concrete (SCC) incorporating fly ash 
The SCC mix design used for this research was based on a study of mix design and 
durability of SCC, conducted by Mohammed Abdulhameed at King Fahad University 
(2008). 8 trial mixes were prepared by varying the filler (fly ash) content, fine-to-
coarse aggregate ratio and the superplasticiser content. Two levels of fly ash 
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being 100 and 125 Kg/m3, two levels of fine-to-coarse aggregate 1 and 1.1 (by 
mass), and two levels of superplasticiser 0.8 and 1.0% (by mass of powder) were 
used. For each mix design, a constant amount of stabiliser of (Structuro 480) 3.03 
Kg/m3
 
and constant water/powder (i.e. powder presents cement and/or fly ash) ratio 
of 0.38 (by mass) was used. Properties of the trial mixes are presented in Table 
4.10. 
Table 4.10: Trial mix design used for SCC with fly ash 
Trial 
Mix 
Mix variables Quantities of mix ingredients (Kg/m3) 
FA/CA 
ratio 
Filler 
content 
(Kg/m3) 
Structo 
220 
(%) 
Water Powder Fine aggregate
Coarse 
aggregate 
Auracast 
200   
(ml) 
Structo 
480 
(ml) 
Density
Filler Cement
TM1 1 100 0.8 190 100 350 846 846 3.6 3.03 2339 
TM2 1 100 1 189.4 100 350 846 846 4.5 3.03 2339 
TM3 1 125 0.8 198.7 125 350 819 819 3.8 3.03 2318
TM4 1 125 1 198.1 125 350 819 819 4.7 3.03 2318 
TM5 1.1 100 0.8 189.4 100 350 888 807 3.6 3.03 2341
TM6 1.1 100 1 188.9 100 350 888 807 4.5 3.03 2341
TM7 1.1 125 0.8 198 125 350 859 781 3.8 3.03 2319
TM8 1.1 125 1 197.4 125 350 859 781 4.7 3.03 2320
As mentioned earlier in 4.4.1, the volume of each batch of concrete is 0.060 m3; the 
quantities in Table 4.10 must be multiplied by 0.060 to have the actual mix designs 
that can use to manufacture of SCC incorporate with fly ash (Table 4.11). 
Table 4.11: Actual mix design used for the present study 
Trial 
Mix 
Mix variables Mix quantities (Kg) to produce 0.060 cubic metres 
FA/CA 
ratio 
Filler 
content 
(Kg/m3) 
Structo 
220 
(%) 
Water 
Powder 
Fine 
aggregate
Coarse 
aggregate 
Auracast 
200   
(ml) 
Structo 
480 
(ml) 
DensityFiller Cement
TM1 1.0 6 0.048 11.40 6 21 50.76 50.76 0.216 0.1818 2339 
TM2 1.0 6 0.060 11.36 6 21 50.76 50.76 0.270 0.1818 2339 
TM3 1.0 7.5 0.048 11.92 7.5 21 49.14 49.14 0.228 0.1818 2318 
TM4 1.0 7.5 0.060 11.89 7.5 21 49.14 49.14 0.282 0.1818 2318 
TM5 1.1 6 0.048 11.36 6 21 53.28 48.42 0.216 0.1818 2341 
TM6 1.1 6 0.060 11.33 6 21 53.28 48.42 0.270 0.1818 2341 
TM7 1.1 7.5 0.048 11.88 7.5 21 51.54 46.86 0.228 0.1818 2319 
TM8 1.1 7.5 0.060 11.84 7.5 21 51.54 46.86 0.282 0.1818 2320 
8 different mix designs were manufactured at five different curing ages (i.e. 3, 7, 14, 
28 and 91 days). Therefore 44 batches of SCC with fly ash were manufactured, each 
batch consisting of six cylinders (304.8 mm long and 152.4 mm diameter), three 
beams (500×100×100 mm) and three 100mm square cubes (i.e. 12 samples for 
each batch). 12 batches of SCC with fly ash cast and tested at 91 days strength. In 
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the beginning (early ages), fly ash reacts slowly with calcium hydroxide liberated 
during hydration of cement and does not contribute significantly to the densification 
of the concrete matrix at early ages. The strength differential between fly ash 
concrete specimens and plain concrete specimens became more distinct after 28 
days (Material Datasheet, CEMEX UK Cement Ltd). The following table represents 
the number of the batches for different curing ages (Table 4.12). 
Table 4.12: SCC incorporated with fly ash in terms of curing time for single batch 
Mix trials Age (days)
  TM1, TM2, TM3, TM4, TM5, 
TM6, TM7 and TM8 
3 
7 
14 
28 
91 
4.4.4 Self compacting concrete (SCC) incorporating GGBS 
The mix design is the optimal mix proportion for high performance concrete 
incorporating GGBS, by Choi et al. (2005). The replacement of the GGBS is in the 
range of 20%-80% of the cement matrix by volume.  
Table 4.13 displays the mix proportion of the present mix design for SCC with GGBS. 
The volume of the coarse aggregate in SCC has been fixed at 50%, 55% and 60% to 
solid volume percentage of coarse aggregate (SVPCA) respectively.  
Table 4.13: Trial mix design used for the present study 
No. Volume to SVPCA (%)* Unit weight (Kg/ m
3) 
Gravel Sand GGBS Cement Water HRWR AE agent 
M1 50 770 689 137 547 177 8.20 0.123 
M2 55 846 659 132 528 169 8.25 0.119 
M3 60 923 630 126 504 162 7.88 0.113 
M4 50 770 689 266 399 181 5.65 0.106 
M5 55 846 659 255 382 173 6.05 0.102 
M6 60 923 630 243 365 166 5.66 0.097 
M7 50 770 689 389 260 183 4.09 0.078 
M8 55 846 659 373 248 175 4.35 0.075 
M9 60 923 630 356 237 168 4.25 0.071 
M10 50 770 689 513 128 183 2.78 0.061 
M11 55 846 659 491 123 175 3.27 0.059 
M12 60 923 630 469 117 167 3.20 0.057 
*: the volume of coarse aggregate to the solid volume percentage of coarse aggregate 
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As mentioned earlier, the volume of each batch of concrete is 0.06 m3, therefore the 
quantities of Table 4.13 must be multiplied by 0.060 to have the actual mix designs 
that can use to manufacture of SCC incorporate with GGBS (Table 4.14). 
Table 4.14: Actual mix design used for the present study 
No. Volume to SVPCA (%)* Mix quantities (Kg) to produce 0.060 cubic metres Gravel Sand GGBS Cement Water HRWR AE agent 
M1 50 46.20 41.34 8.22 32.82 10.62 0.492 0.0074 
M2 55 50.76 39.54 7.92 31.68 10.14 0.495 0.0071 
M3 60 55.38 37.80 7.56 30.24 9.72 0.473 0.0068 
M4 50 46.20 41.34 15.96 23.94 10.86 0.339 0.0064 
M5 55 50.76 39.54 15.30 22.92 10.38 0.363 0.0061 
M6 60 55.38 37.80 14.58 21.90 9.96 0.340 0.0058 
M7 50 46.20 41.34 23.34 15.60 10.98 0.245 0.0047 
M8 55 50.76 39.54 22.38 14.88 10.50 0.261 0.0045 
M9 60 55.38 37.80 21.36 14.22 10.08 0.255 0.0043 
M10 50 46.20 41.34 30.78 7.68 10.98 0.167 0.0037 
M11 55 50.76 39.54 29.46 7.38 10.50 0.196 0.0035 
M12 60 55.38 37.80 28.14 7.02 10.02 0.192 0.0034 
4.5 Measuring aggregates and admixtures 
The measurement of the weight of all required materials (cement, fine aggregates, 
coarse aggregates, portal water and filler) has been performed with a single clean 
plastic bucket and calibrated scales with an accuracy of 50 g provided in the 
concrete laboratory. According to all mix designs, all measurements have been 
conducted in units of mass kilograms (Kg) except the liquid admixtures which have 
been measured in the units of millilitres. Only using one bucket and zeroing the 
scales once reduces the chances of human error and increases the accuracy of the 
measurements.  
4.6 Mixing process 
According to BS EN 12390-2:2000, the wet aggregates can influence the 
water/cement ratio during mixing process. Hence, only completely dry aggregates, 
both coarse and fine aggregate, were utilised for mix design purposes. All fine and 
coarse aggregates were placed on a drying plate for approximately 24 hours, then 
left for about 24 hours to cool down. 
To start the mixing procedure, the quantities of the materials were calculated in 
accordance with mix designs. The quantities of materials which were used for the 
mix designs of NSC (Table 4.6), HSC (Table 4.8) and SCC (Table 4.11 and Table 
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4.14) were stated in Section 4.4. It should be noted that to decrease all possible 
experimental errors, the concrete specimens, whether for cylinder compressive 
strength, cube compressive strength, cylinder splitting and the MOR, were all cast 
from the same batch of concrete. 
For mixing, a horizontal pan mixer (Winget Croker Cumflow RP100XD) was used 
with a maximum capacity of about 0.1 m3. 0.060 m3 of concrete was used to cast 12 
samples (one batch) of concrete which includes six cylinders (304.8 mm long and 
152.4 mm diameter), three 100 mm cubes and three beams (500×100×100 mm). 
This much volume is higher than 50% and less than 90% of the mixer capacity (i.e. 
according to the criteria of BS 1881 Part 125 (1986)). The dried coarse and fine 
aggregates were firstly added to the mixer and mixed for a short period of time (i.e. 
15~30 seconds) to provide a good distribution of the fine and coarse aggregates. 
Then, half of the water was added to the mix and allowed to mix for 2 to 3 minutes 
more. The mixer stopped and the mix was left for 5-10 minutes to allow the surface 
of the aggregates to be saturated. After 10 minutes, the cement was added to the 
mix. For HSC and SCC batches, the fillers (i.e. silica fume, fly ash and slag) were 
added to the mix at this stage. At the same time, the liquid admixtures (i.e. 
superplasticiser, VMA and AE) were mixed with the second half of the water and 
then added to the mix. The mixer was started and was run for a further 2 to 3 
minutes.  
4.7 Casting process 
A vibration table with a minimum frequency of 40 Hz (2400 cycles per minute) was 
used. Steel moulds were cleaned, checked for security (i.e. the bolts being tightened 
properly) and coated in a thin layer of non reactive release agent (mould oil).  
Each batch of concrete had a volume of 0.060 m3 in order to fill six cylinders, three 
beams and three cubes. Imperial sized cylinders with a height of 12 inches, or 304.8 
mm, and a diameter of 6 inches, or 152.4 mm, were used. It should be noted that the 
testing and manufacturing procedures are all based on European standard (modified 
one) except the sizes of the specimens. Concrete was cast (mixing and 
manufacturing) in accordance with the method outline in BS EN 12390-2:2000 
(British standard, 2000a).  
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After the last layer of the mix was added into the moulds, the vibrating table was 
switched on and the rate of vibration was increased slowly from low to high speed. 
During vibration, the top layer of some samples needed an additional amount of 
concrete to completely fill the mould which was added. The vibration was completed, 
approximately 2 or 3 minutes, when the top surface of the samples achieved a 
smooth surface (i.e. without any voids and bubbles). Once the vibration was finished, 
the exposed surface of the specimens was trowelled to make sure that they were 
level and flat. Once the specimens were compacted, polythene sheets were then 
placed on top of the moulds and they were then left for a minimum period of 16 to 24 
hours (maximum three days) to allow for the concrete to be hardened. Once the 
concrete had completely hardened, the following day to casting, the concrete 
samples were stripped from the moulds and were marked with an ID number for 
verification and then placed in a water curing tank (according to BS EN 12390-
2:2000 at a temperature of 20-22°C). 
For SCC, during the filling process, it is essential to mix the concrete several times to 
ensure that the concrete is as homogenous as possible and to increase the 
workability making for easier filling of the moulds and so that the concrete can flow 
into all the corners of the moulds. It is important to note that no compaction or 
vibration was used at all when filling the moulds as this is not required for SCC.  
4.8 SCC workability testing 
SCC has to possess three main properties (EFNARC, 2002): 
1. Have a fluidity that allows self compaction without the requirement of any 
external force 
2. Remain homogeneous in a form during and after the placing process 
3. Pass easily through reinforcement to allow the concrete to flow into all the 
corners of the form 
According to EFNARC (2002), to characterise the properties (i.e. workability 
properties) of SCC, no single method can be used, hence a combination of methods 
is required. Basically, different types of test methods have been developed in relation 
to characterising the fresh properties of SCC. Table 4.15 represents the alternative 
test methods for the different workability parameters of SCC. 
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Table 4.15:  Test methods for the different workability parameters of SCC (EFNARC, 2002) 
Property 
Test methods 
Laboratory              
(For mix design) 
Field                
(For quality control) 
Filling ability 
Slump flow               
T50cm slump flow          
V-funnel                 
Orimet 
Slump flow            
T50cm slump flow       
V-funnel              
Orimet 
Passing ability 
L-box                   
U-box                   
Fill-box 
J-ring 
Segregation 
resistance 
GMT test                
V-funnel at T5min 
GMT test             
V-funnel at T5min 
 
Due to unavailability of all the relevant (or required) equipment in the laboratory and 
also on site, it might not be possible to characterise the fresh properties of SCC 
through all the available test methods in Table 4.15. Thus, according to the EFNARC 
(2002), the five most common tests method was selected to characterise the fresh 
properties of SCC incorporated with fly ash or GGBS: the slump flow and T50 test, L-
box test, V-funnel test, J-ring test and sieve stability test.  
4.8.1 Slump flow test (1) and T50 test (2) 
Basically, slump flow test has two aspects: the T50, to measure viscosity, and the 
slump flow, to measure filling ability. Originally developed in Japan, this test is one of 
the best known, which is performed to characterise the filling ability of SCC, and 
which also provides some indication of segregation. This test can measure two 
parameters: flow spread (mm) and flow time (s) T50. The flow spread shows the free, 
unrestricted deformability and the flow time indicates the rate of deformation within a 
defined flow distance. According to the EFNARC (2002), the equipment required is: 
 A square shaped base plate at least 900mm square (Figure 4.1) 
 A frustum cone with internal diameter of 200mm at the bottom and 100 mm at the 
top 
 Scoop 
 Ruler 
 Stopwatch  
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Figure 4.1: Slump flow setup “Dimensions (mm)” 
First of all, it should be checked that the cone is free from any concrete particles 
before moistening the inside of the cone and the base plate. Then, the base plate is 
placed in levelled and stable position. This test requires two people to complete: one 
person standing on the foot pieces while the second person fills the cone with 
concrete making sure that no concrete is able to escape from underneath the cone. 
Once the cone is filled with approximately 6 litres of fresh SCC, the cone is lifted 
vertically in one smooth motion without interfering with the flow of the concrete. For 
the T50 test, the stopwatch starts when the cone leaves the base plate and record the 
time it takes for any part of the fresh concrete to reach the 500 mm diameter circle. 
Once the concrete has settled and stopped moving, the rule is used to measure the 
maximum diameter (dmax) and the perpendicular diameter (dperp) of the slump.  
The higher value of the slump flow denotes a greater ability to fill formwork under its 
own weight. A value of at least 650mm is required for SCC. The T50 time (s) of SCC 
is a secondary indication of flow ability. This indication can be measured through 
both test methods: J-ring and slump flow. According to the EFNARC (2002), a lower 
time indicates greater flow ability. The ENFARC (2002) specification says that the 
T50 flow time for SCC must be between 2 and 5 seconds. Additionally, the EFNARC 
(2002) suggested an acceptable value of 650-800 mm (average of dmax and dperp) for 
filling ability of SCC.  
4.8.2 L- box  
This test is based on a Japanese design which is used to estimate the passing ability 
of concrete subjected to blocking due to reinforcement.  This test is able to measure 
the height reached by fresh SCC when it is passed through specified gaps between 
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steel bars and flows within a defined flow distance. As a result, the passing or 
blocking behaviour of SCC can be estimated by this reached height. 
The equipment required to perform this test includes (Figure 4.2): 
 L box of made a stiff non absorbing material  
 trowel 
 scoop 
 spirit level 
 moist towel 
The apparatus includes a rectangular-section box (horizontal and vertical box) in the 
shape of an ‘L’. The horizontal and vertical boxes separated by a moveable gate 
(Figure 4.2). The vertical section consists of bars with different diameters (in 
accordance with normal reinforcement consideration). Once the vertical section is 
filled with concrete, the moveable gate is lifted up to allow flow of concrete into the 
horizontal section. Once the flow stops, the height of the concrete at the end of 
horizontal section is expressed in terms of the height of the horizontal section (H2/H1) 
which indicates the passing ability (PA) of the SCC (Equation 4.1).   
 
Figure 4.2: L-box setup 
EFNARC (2002) suggested an acceptable value of 0.8-1.  
PA = H2/H1               (4.1) 
where, 
PA is the passing ability 
H1 is the height of concrete in the chimney 
H2 is the height of concrete at the opposite end of the channel 
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4.8.3 V-funnel 
This test was developed in Japan and was initially utilised by Ozawa et al. (1995). 
The V-funnel flow time is the period a defined volume of SCC needs to pass through 
a narrow opening (like congested reinforcement) giving an indication of the plastic 
viscosity and filling ability (Figure 4.3).  Equipment required includes: 
 V-funnel including a hinged trapdoor at the base of the funnel 
 Stopwatch for recording the flow time 
 Straightedge for levelling the concrete surface 
 Bucket for taking concrete sample 
 Moist towel to wet the inner surface 
  
 
(All dimensions are in mm) 
Figure 4.3: V-funnel setup 
First of all, the funnel is clean and then is placed on a level surface. The interior part 
of the funnel is wet. A bucket is placed under the funnel to collect flowing concrete 
and the tight gate is closed and the funnel is filled with concrete (approximately 6 
litres of fresh SCC). Once the funnel is full, the gate is opened after letting the 
concrete stand for 10 seconds and the time is recorded simultaneously. The 
stopwatch is stopped when it is possible to see vertically through the funnel. The 
time measured is the V-funnel flow time, tv. As recommended, the whole test is to be 
performed within 5 minutes. The EFNARC (2002) suggested an acceptable value of 
6-12 s. 
4.8.4 J-ring 
The J-ring test can be used to assess the filling ability and the passing ability of 
SCC. The J-ring test was originally proposed by the Japanese but the test was 
developed by the University of Paisley (EFNARC, 2002). It consists of a circular 
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section (30x25 mm) open steel ring (EFNARC, 2002), drilled vertically with holes to 
accept threaded sections of reinforcement bar and a slump cone (Figure 4.4). 
 J-ring 
 Slump Cone 
 Base plate  
 Straight edge 
 Moist towel 
The dimension of the equipment used in J-ring test is shown in Figure 4.4. 
 
Figure 4.4: J-ring equipment 
 The base plate is kept firm on the ground in a levelled position. 
 Approximately 6 litres of fresh SCC is left to stand for about 1 minute. 
 The inner surface of the cone and the base plate is moistened and the cone is 
placed in the centre of the base plate and the J-ring is placed around the cone. 
The cone is filled with SCC sample without any external compaction and the top 
is smoothed off and the base plate is cleared. 
 After 30 seconds, the cone is lifted perpendicular to the base plate in a single 
movement allowing the concrete to flow freely. The stop watch is started 
simultaneously.  
 The time taken to reach the first 50cm diameter is noted as T50 (in seconds). 
 When the flow has stopped, the diameter of the flow dmax and the perpendicular 
diameter dperp is measured. 
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 Then, using a straight rod, the height difference between concrete surface at the 
central position (∆h0) and at the four positions outside the J-ring, two (∆hx1, ∆hx2) 
in the x-direction and the other two (∆hy1, ∆hy2) in the y-direction, as shown in 
Figure 4.4, is measured. 
The J-ring flow spread SJ (passing ability) is the average of diameters dmax and dperp 
(Equation 4.2).  
2
dd
SJ perpmax
               (4.2) 
The J-ring blocking step BJ is calculated using the following equation and expressed 
to the nearest 1 mm (Equation 4.3). 
Δh4
ΔhΔhΔhΔhB Y2Y1X2X1J 

                (4.3) 
Comparison can also be made between slump flow and J-ring to assess the passing 
ability (SJ) of SCC (i.e. according to the EFNARC (2002) the difference between 
slump flow value and J-ring value cannot exceed 10 mm). 
Finally, all the above fresh properties test method were conducted for every single 
batch of SCC incorporated with GGBS or fly ash. It should be noted that the SCC 
mix was mixed again after the fresh concrete properties had taken place before 
placing the concrete into the moulds to ensure the concrete was as homogenous as 
possible. 
4.9 Curing 
After demoulding, the samples were cured in temperature controlled water tanks 
according to BS EN 12390-2:2000 at a temperature of 20-22°C. Researchers have 
previously applied “curing time” (Chakrabarti, 1987) and “test age” (Narayanan and 
Kareem-Palanjin, 1984 and Rezansoff and Corbett, 1989) to denote the same 
concept. In this study, the test ages and the curing time is the period between 
specimen is cast and being tested. 
4.10 Hardened concrete tests 
Destructive tests (DT) were carried out to measure the cylinder splitting strength (ft'), 
cylinder compressive strength (fc), cube compressive strength (fcu) and the modulus 
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of rupture (MOR) of the concrete specimens (i.e. NSC, HSC and SCC). Each batch 
consisted of three cylinders for the cylinder compression test, three cylinders for the 
cylinder splitting test, three beams for the MOR and three cubes for the cube 
compression test. After removing specimens from the curing tank, the excess 
moisture was removed from the surface of the specimen. All specimens were left for 
a short period of times (30~ 45 minutes) to dry out.  
Afterwards, all the testing equipment was checked for calibration certificates and 
required loading rates (unlike previous works (Senussi, 2004 and Lin and Raoof, 
1999)), the loading rates have been adjusted in accordance with the European 
standard (BS EN 12390-3:2009) for present work) were adjusted for each particular 
test. Table 4.16 shows the loading rates which were used in previous experimental 
works and also for the present work: 
Table 4.16: Loading rates 
Specimen Test 
Old 
loading 
rate 
New 
loading 
rate 
N/mm2/s kN/cm2/min 
100mm cube Compression 0.6 360 
6” cylinder Compression 0.6 657 
6”cylinder Tensile Splitting 0.05 219 
100mm beam Flexural Strength 0.05 10 
In this research, the loading rates are in accordance with the European standard (BS 
EN 12390-3:2009) instead of the British standards (BS 1881-116:1983); hence, the 
relevant calculation methods which were applied to convert the loading rates from 
N/mm2/s to kN/cm2/min are as follows: 
where;  
R  is the rate of increase of load (N/s) 
L is the length of the specimen (mm) 
d is the designated dimension of the specimen (mm) 
S is the increase in rate of stress (MPa/s or N/mm2/s) 
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Cube compressive test 
SbdR   
 
- Old: BS 1881-116:1983 
- Load 0.2 N/mm2/s – 0.4 N/mm2/s 
- New: BS EN 12390-3:2009 
- Load 0.4 N/mm2/s – 0.8 N/mm2/s 
- New Setting: 360 kN/cm2/min  
Cylinder compression test  
4
2sdR   
- Old: BS 1881-116:1983 
- Load 0.2 N/mm2/s – 0.4 N/mm2/s 
- New: BS EN 12390-3:2009 
- Load 0.4 N/mm2/s – 0.8 N/mm2/s 
- New Setting: 657 kN/cm2/min  
Cylinder splitting test rate 
2
ldSR   
- Old: BS 1881-116:1983 
- Load 0.2 N/mm2/s – 0.4 N/mm2/s 
- New: BS EN 12390-3:2009 
- Load 0.4 N/mm2/s – 0.8 N/mm2/s 
- New Setting: 219 kN/cm2/min  
MOR test 
l
dSdR
2
21  
- Old: BS 1881-116:1983 
- Load 0.2 N/mm2/s – 0.4 N/mm2/s 
- New: BS EN 12390-3:2009 
- Load 0.4 N/mm2/s – 0.8 N/mm2/s 
- New Setting: 10 kN/cm2/min 
 
According to Senussi (2004), the proposed relationships MOR/f/t and MOR/fc were 
partly dependent on the rate of loading. However, this dependency was not 
significant and was presumed to be small (there were no clear clarifications on how 
the various loading rates can influence the proposed relationships. Senussi (2004) 
stated that “for practical design purposes, even though there was a mild dependency 
of the proposed relationships on the loading rate, a unified form was proposed 
corresponding to the best fit line through all the available test data regardless of the 
specific of loading rate”. To enable direct comparison with Senussi’s work, the same 
concept has therefore been taken for this research and a best fit line will be drawn 
through all the available test data (NSC, HSC and SCC) irrespective of the specific 
of loading rate.  
Finally, each machine was set to the values (i.e. loading rate) shown in Table 4.16 
and the testing was started. The procedure for each test is explained below. The 
reason for using different standards was to assess the influence of using different 
standards on the proposed correction factors.  
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4.10.1 Cube compressive strength (fcu) 
The cube compressive strength test was in accordance with BS EN 12390-3 (2002) 
using a Samuel Denison compressive test rig (90092), in accordance with BS EN 
12390-4 (2000). 
Procedure  
 The crushing rig was cleaned of any traces of concrete to allow for a good 
contact between cylinder and platen. 
 The sample was placed inside the rig and positioned on its flat side (i.e. 
perpendicular to the direction of the casting and in the centre of the platens) to 
allow for a uniform distribution.  
 Then, the cube was subjected to a perpendicular load on its top (or upper) 
surface until failure. The maximum failure load was recorded and the failure type 
was assessed, if the shape of failure was unsatisfactory, it also had to be noted.   
Unsatisfactory failures can occur for different reasons such as an insufficient 
attention to testing procedure, positioning of the specimens in wrong direction and 
faults that can arise in (or from) the testing machine.  
The following figures illustrate some satisfactory and unsatisfactory failures shapes 
of the cubes after testing (Figure 4.5 and Figure 4.6). 
 
 
Figure 4.5: Some unsatisfactory failures of cube specimens (BS EN 12390-3, 2002) 
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Figure 4.6: Some satisfactory failures of cube specimens (BS EN 12390-3, 2002) 
The acceptable shape of failure for cubes should show equal failure mechanisms on 
the four exposed surfaces and no damage on the cube surface in contact with the 
platen.  
4.10.2 Cylinder compressive strength (fc) 
The cylinder compressive strength test were conducted in accordance with BS EN 
12390-3 (2002) using a Samuel Denison compressive test rig (90092), in 
accordance with BS EN 12390-4 (2000). 
Procedure  
 The bearing surface of the testing machine was cleaned of any traces of concrete 
to allow for a good contact between cube and platen. 
 The cast surface of the specimens was capped to obtain a smooth surface using 
dental cement (i.e. calcium aluminate cement and sulphur mix). The compressive 
strength and thickness of this material is 20 N/mm2 and 5mm respectively. Unlike 
the cube, the cylinders do not have two completely flat and parallel surfaces. 
Therefore a bearing plate was used on top of the specimens to obtain a smooth 
surface, and after the plaster was dried (i.e. 15~20 minutes) then the bearing 
plate was removed. This creates a flat surface which ensures that the load is 
evenly distributed across the surface of the cylinder.  
 The sample was placed vertically inside the rig and positioned on its capped side.  
 The cylinder was subjected to a perpendicular load on its top (or upper) surface 
until failure. The maximum failure load was recorded and the failure type was 
assessed, if the shape of failure was unsatisfactory, it also had to be noted. 
Figures 4.7 and 4.8 illustrate some satisfactory and unsatisfactory failures shapes of 
the cylinders after testing. 
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Figure 4.7: Some unsatisfactory failures of cylinder specimens (BS EN 12390-3, 2002) 
 
Figure 4.8: Some satisfactory failures of cylinder specimens (BS EN 12390-3, 2002) 
4.10.3 Cylinder splitting tensile strength (ft) 
The cylinder splitting tensile test was conducted in accordance with BS EN 12390-6 
(2002) using a Samuel Denison compressive test rig (90092), in accordance with BS 
EN 12390-4 (2000). Packing strips and a jig for positioning the specimens (including 
frame and two steel loading pieces) were also used (Figure 4.9).  
 
Figure 4.9: Cylinder splitting test setup 
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Procedure  
 The bearing surfaces of the testing machine, platens and packing strips were 
cleaned of any traces of concrete to allow for a good contact between cylinder 
and platen. 
 As shown in Figure 4.9, the cylinders were placed in the jig and the two 15mm 
wide hardboard packing strips were placed between the specimen, on the loading 
face and the base of the holding frame. The steel loading piece (1) was placed on 
top of the packing strip. These packing strips are to ensure that the load is evenly 
distributed along sides of the cylinder.  
 The frame and sample was placed in the testing machine between the loading 
platens and a constant rate of loading (219 kN/min) was applied to the sample 
without shock and increased continuously and the failure load was recorded.  
4.10.4 Modulus of rupture (MOR) 
The MOR test was in accordance with BS EN 12390-5 (2002) using a Samuel 
Denison compressive test rig (90092), in accordance with BS EN 12390-4 (2000). 
As shown in Figure 4.10, this machine consists of two roller supports at the bottom of 
the beam and two symmetrical rollers at the top of the sample. This load is divided 
equally between the top rollers. The distance between the upper rollers is d, and the 
distance between the bottom rollers is 3d, where d is the width of the specimen.  
 
Figure 4.10: The MOR test setup 
(The distance between loading points is 1/3 of the length of the specimen) 
All the MOR tests involve subjecting a beam to symmetrical two-point loading until 
failure occurs. The load points are spaced at one third of the span so is therefore 
called the third-point loading test. 
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Procedure  
 The bearing surfaces of the testing machine and rollers were cleaned of any 
traces of concrete to allow for a good contact between beam and rollers.  
 As shown in Figure 4.10, the centre of the beam should be marked 
(discontinuous line) and be placed at right angles to the longitudinal axis of the 
upper and lower rollers.  
 The beam was placed in the testing machine and a constant rate (10 kN/min) of 
loading (Q) was applied to the sample without shock and increased continuously. 
The failure load was recorded and failure modes observed. 
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Chapter 5: Results and observations 
5.1 Introduction 
The raw data obtained from the experimental studies described in Chapter 4 is 
presented in this chapter. The strength test results for NSC, HSC and SCC obtained 
from the experiments are summarised. The results from the workability tests (i.e. 
fresh properties) of SCC are also included. The work by Senussi (2004) and other 
literature are also summarised and included in Tables A.1-A.7, B.1-B.10, C.1 and 
D.1, and in Appendix A, B, C and D respectively. 
5.2 Failure mode of the specimens 
As discussed in Sections 4.10.1 and 4.10.2, it is possible for the cylinder and cubes 
to fail by an incorrect failure mechanism when there is a fault with the cylinder or 
cube being tested, the testing equipment or the method of testing. The various 
recognised failure types from BS EN 12390-3 (2002) for both cube and cylinder has 
been described earlier in Sections 4.10.1 and 4.10.2. If a specimen fails in a mode 
other than to those shown (Figure 4.6 and Figure 4.8) it means that the full 
compressive strength of the specimen has not been reached and therefore the result 
should be disregarded. All the specimens of NSC, HSC and SCC failed in the correct 
manner, as shown in Figure 5.1 to 5.4, ensuring specimen reliability in terms of the 
failure mode. 
 
                                        
Figure 5.1 : Mix TM1, 7 days, cube after 
compressive strength test 
 
 
 
 
 
 
                                         
Figure 5.2 : Mix TM8, 14 days, cylinder after 
splitting test 
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Figure 5.3 : Mix M2, 3 days, cylinder after 
compressive strength test 
 
Figure 5.4 : Mix M6, 28 days, beam after MOR 
test 
Due to the variable nature of concrete, it is expected that damaged specimens due 
to poor manufacturing and anomalous results may occur in any experimentation 
involving concrete. There were a small number of specimens which cracked during 
demoulding, resulting in a complete rupture of the sample before being placed for 
water curing. These values in the following tables (highlighted in red) were not 
included to calculate the average (mean) and standard deviation (S.D.) values within 
each table, as these results were seemed to be very out of line with other results.   
5.3 Fresh properties of SCC 
According to EFNARC (2002), to characterise the fresh workability properties of SCC, 
no single method can be applied, hence a combination of methods is required. The 
five most common test methods were selected to characterise the fresh properties of 
SCC with fly ash and GGBS: the slump flow and T50 test, L-box test, V-funnel test, J-
ring test and segregation (EFNARC, 2002). 
These tests are necessary in order to be able to classify a mix as SCC. The results 
from these tests are compared to the EFNARC (2002)’s Specification and Guidelines 
for SCC. 8 mix designs were produced for testing at five different curing ages (3, 7, 
14, 28 and 91 days) for SCC with fly ash and 12 different mix designs were 
manufactured for testing at four different curing ages (3, 7, 14 and 28 days) for SCC 
with GGBS. Therefore, 91 batches of SCC with fly ash and GGBS were 
manufactured. Due to the strength of fly ash concrete at early ages, 12 batches of 
SCC with fly ash cast and tested at 91 days strength while there are no 91 days 
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strength specimens for SCC with GGBS. During initial hydration, fly ash reacts 
slowly with calcium hydroxide liberated during the hydration of cement and does not 
contribute significantly to the densification of the concrete matrix at early ages. The 
strength differential between fly ash concrete specimens and plain concrete 
specimens became more distinct after 28 days (Material Datasheet, CEMEX UK 
Cement Ltd). The following sections represent the fresh properties results of SCC 
with fly ash (TM series) and GGBS (M series).    
5.3.1 Slump flow and T50 test 
Table 5.1 shows that the fresh SCC mixes (both with fly ash and GGBS) met the 
criterion required for this test, hence all the mixes have the required flowability and 
filling ability according to EFNARC (2002). As stated in Chapter 4, the J-ring is 
usually applied to check the passing ability of fresh concrete as well. In order to 
compare the J-ring and slump flow test, the average of each trial mix for all ages has 
been calculated to verify the associated criteria (the criteria with associated table for 
J-ring test will be discussed later in Section 5.3.4).  
Table 5.1: Slump flow analysis (SCC with GGBS and fly ash) 
Trial 
Mixes 
Slump flow (mm) 
Average 
(mm) Acceptance criteria 560-800 mm 
3 days 7 days 14 days 28 days 91 days
TM1 735 760 750 760 760 753 
TM2 730 740 720 735 720 729 
TM3 710 730 720 735 735 726 
TM4 751 710 740 765 765 746 
TM5 730 730 725 740 750 735 
TM6 770 790 750 745 755 762 
TM7 715 730 740 760 750 739 
TM8 720 720 740 778 778 747 
M1 760 730 770 800 - 765 
M2 800 780 800 800 - 795 
M3 800 770 800 800 - 792 
M4 785 790 800 790 - 791 
M5 790 780 770 800 - 785 
M6 790 800 800 780 - 792 
M7 740 800 800 800 - 785 
M8 800 800 800 780 - 795 
M9 790 770 800 790 - 787 
M10 740 650 680 730 - 700 
M11 680 770 790 800 - 760 
M12 780 710 790 800 - 770 
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Figures 5.5 and 5.6 show the fresh concrete after the slump flow and J-ring tests 
respectively. Table 5.2 shows T50 for both slump flow and J-ring test and confirms 
that all of the mixes (i.e. either with fly ash or GGBS) had a T50 values within the 
correct limits.  
 
Figure 5.5: slump flow test, Mix M10 – 3 days 
 
Figure 5.6: J-ring flow test, Mix M4 – 14 days 
Table 5.2: T50 flow time (seconds) of slump flow and J-ring tests (SCC with GGBS and fly ash) 
Trial 
Mixes 
T50 flow time (Seconds)                                                                   
(Acceptance criterion 2 - 5 sec)  
3 days 7 days 14 days 28 days 91 days 
Slump 
flow J - ring 
Slump 
flow J - ring 
Slump 
flow J - ring 
Slump 
flow J - ring 
Slump 
flow J - ring 
TM1 4.0 3.0 2.5 2.0 3.0 2.0 3.5 3.0 3.2 3.0 
TM2 3.5 3.3 3.5 3.2 2.5 2.3 2.5 2.2 2.4 2.2 
TM3 4.0 3.5 2.4 2.0 3.0 3.0 3.4 3.0 3.4 3.0 
TM4 3.0 2.3 3.6 2.5 3.5 3.3 3.6 3.5 3.6 3.5 
TM5 3.3 2.0 3.0 2.6 2.3 2.0 3.5 3.6 3.5 3.6 
TM6 3.0 2.0 3.0 2.3 3.0 2.5 3.0 2.3 3.1 2.3 
TM7 2.6 2.4 3.0 2.1 3.6 3.4 3.2 3.1 3.2 3.1 
TM8 2.6 2.3 3.6 2.6 3.6 3.3 3.6 3.6 3.6 3.6 
M1 2.8 3.5 2.9 3.3 2.1 2.8 2.3 2.8 - - 
M2 2.5 2.9 2.4 2.9 2.4 2.8 2.8 2.9 - - 
M3 2.7 3.0 2.6 2.7 3.1 2.0 2.3 2.8 - - 
M4 2.0 2.2 2.6 3.4 2.8 3.5 2.2 2.7 - - 
M5 2.5 2.9 2.5 3.1 2.9 3.5 2.5 3.1 - - 
M6 2.3 2.8 2.3 2.7 3.3 3.0 2.3 2.8 - - 
M7 2.8 3.3 2.5 3.2 2.8 3.2 2.2 2.8 - - 
M8 2.5 3.2 2.6 2.9 2.6 3.1 2.5 3.1 - - 
M9 2.6 3.0 2.8 2.9 3.0 2.0 2.1 2.7 - - 
M10 2.0 2.5 3.7 3.9 3.1 4.9 2.3 2.6 - - 
M11 2.6 3.1 2.5 2.9 2.2 2.5 2.2 2.8 - - 
M12 3.0 4.5 2.1 3.0 2.1 2.4 2.1 2.6 - - 
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5.3.2 L-box ratio 
Section 4.8.2 presented the formula applied for calculating the passing ability. The 
ENFARC (2002) specification states that the passing ratio must be between 0.8 and 
1. Table 5.3 shows that, all of the results are between 0.8 and 0.99, indicating that all 
the mixes would easily pass through congested reinforcement. No significant 
segregation was observed for any of the mixes during the L-box test.  
Table 5.3: L-box passing ratio (SCC with GGBS and fly ash) 
 
Trial 
Mixes 
L – box passing ratio 
(Acceptance criteria 0.8 – 1.0)
3 days 7 days 14 days 28 days 91 days 
TM1 0.98 0.91 0.88 0.90 0.88 
TM2 0.93 0.92 0.98 0.99 0.97 
TM3 0.94 0.93 0.99 0.98 0.85 
TM4 0.95 0.90 0.95 0.94 0.83 
TM5 0.96 0.96 0.94 0.99 0.90 
TM6 0.94 0.97 0.93 0.93 0.90 
TM7 0.95 0.90 0.92 0.92 0.92 
TM8 0.97 0.98 0.91 0.91 0.91 
M1 0.90 0.95 0.99 0.90 - 
M2 0.98 0.96 0.98 0.97 - 
M3 0.94 0.95 0.97 0.92 - 
M4 0.94 0.96 0.94 0.95 - 
M5 096 0.97 0.97 0.94 - 
M6 0.92 0.97 0.94 0.98 - 
M7 0.98 0.95 0.97 0.97 - 
M8 0.93 0.84 0.97 0.87 - 
M9 0.95 0.92 0.97 0.98 - 
M10 0.96 0.96 0.98 0.90 - 
M11 1.00 0.96 0.98 0.98 - 
M12 0.96 0.94 0.87 0.97 - 
5.3.3 V-funnel test 
The ENFARC (2002) states that the V-funnel flow time should be between 6-12 
seconds. Table 5.4 shows that only one result fell outside these acceptance 
requirements - Mix M2 (for testing at 3 days) with a flow time of 5.20 s. This means 
that the mix may not be viscous enough and its flowability is too high which could 
lead to segregation of the aggregate from the paste. However, this is not a sufficient 
reason to reject the mix altogether as the flow time is only 0.8 seconds below the 
acceptance criterion. All the other test results need to be checked before deciding 
whether it can be classed as SCC.  
 
 
107 
 
Table 5.4: V-funnel (SCC with GGBS and fly ash) 
Trial 
Mixes 
V-funnel flow time (seconds) 
(Acceptance criteria 6 – 12 sec) 
3 days 7 days 14 days 28 days 91 days 
TM1 6.4 7.0 6.0 6.6 7.6 
TM2 6.6 6.3 6.0 7.5 6.5 
TM3 6.0 6.5 6.0 6.2 6.1 
TM4 6.0 7.5 6.4 6.6 6.5 
TM5 6.3 7.7 7.0 6.1 7.2 
TM6 6.0 6.0 6.9 6.1 7.1 
TM7 6.9 6.4 7.5 6.6 6.4 
TM8 6.3 6.3 4.0 7.6 6.6 
M1 12.0 6.2 6.6 6.0 - 
M2 5.2 6.3 6.8 6.9 - 
M3 6.5 8.7 8.5 6.9 - 
M4 8.6 6.2 11.1 6.2 - 
M5 6.5 7.4 6.4 6.9 - 
M6 6.8 8.5 9.5 6.5 - 
M7 8.8 8.5 9.1 9.0 - 
M8 6.2 8.5 7.5 7.9 - 
M9 6.2 9.5 10.4 6.2 - 
M10 8.8 11.4 11.2 6.7 - 
M11 6.8 6.0 6.8 6.8 - 
M12 8.4 9.2 10.8 6.8 - 
5.3.4 J-ring test 
The J-ring test was used to check the passing ability of the fresh SCC. In order to do 
this, the slump from the J-ring has to be compared to the slump from the slump flow. 
ENFARC (2002) does not state specific criteria for the J-ring, but it does state that 
the difference between the J-ring slump flow and slump test slump should be 
between 0 and 10mm. Table 5.5 presents the fresh properties results for J-ring test. 
The passing property of each mix is then classified based on the average value for 
that particular mix in accordance to the EFNARC (2002). 
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Table 5.5: J-ring (SCC with GGBS and fly ash) 
Trial 
Mixes 
J-ring slump flow (mm) Average 
(mm) 3 days 7 days 14 days 28 days 91 days
TM1 640 780 760 770 770 744 
TM2 720 720 720 725 715 720 
TM3 710 720 720 730 720 720 
TM4 740 730 725 740 750 737 
TM5 720 720 730 750 780 740 
TM6 761 780 735 760 750 757 
TM7 715 720 730 720 770 731 
TM8 710 710 730 765 775 738 
M1 750 730 760 780 - 755 
M2 805 800 805 800 - 802 
M3 810 800 810 790 - 802 
M4 805 790 805 800 - 800 
M5 800 790 780 770 - 785 
M6 800 810 800 790 - 800 
M7 810 800 740 810 - 790 
M8 810 790 810 800 - 802 
M9 780 790 800 770 - 785 
M10 750 670 650 740 - 702 
M11 750 740 770 800 - 765 
M12 790 780 770 750 - 772 
Table 5.6 shows the average values for the slump flow test and the average values 
for the J-ring slump with associated differences. Strangely, ten J-ring slump flows are 
greater than the slump test slump flows. This was not anticipated as it would be 
expected that the J-ring slump flow diameter would be slightly smaller as the bars of 
the ring act to restrict the free flow of the concrete. Even though there were no visual 
segregations in all specimens except TM3-14 days mix, however there is a 
possibility that some segregation could have occurred. The reinforcement might 
have caused the aggregate to separate from the paste, causing the paste to move 
on further due to the lack of aggregate; the thinner paste being able to flow faster.  
 
 
 
 
 
 
109 
 
Table 5.6: Comparison between J-ring slump and slump flow test with associated differences 
Trial 
Mixes 
Average 
slump flow 
(mm) 
Average J - ring 
slump flow 
(mm) 
Difference 
(mm) 
TM1 753 744 9 
TM2 729 720 9 
TM3 726 720 6 
TM4 746 737 9 
TM5 735 740 -5 
TM6 762 757 5 
TM7 739 731 8 
TM8 747 738 9 
M1 765 755 10 
M2 795 802 -7 
M3 792 802 -10 
M4 791 800 -9 
M5 785 785 0 
M6 792 800 -8 
M7 785 790 -5 
M8 795 802 -7 
M9 787 785 2 
M10 700 702 -2 
M11 760 765 -5 
M12 770 772 -2 
5.3.5 Segregation 
As mentioned in Chapter 4 there was no test equipment available to check for 
segregation of the fresh concrete. However, it is still important to check the 
segregation after the hardened concrete tests as segregation can have a large affect 
on the hardened properties of the concrete. After the destructive testing (splitting, 
crushing and rupture), all specimens were visually checked to see if any segregation 
could be detected. In all the specimens except the TM3-14 day mix, there appeared 
to be an even distribution of aggregate, with no areas without any aggregate and no 
areas with an abnormally high concentration of aggregate. For mix TM3-14 day the 
level of segregation was very small but not significant. For all mixes therefore there 
was no significant segregation (Figure 5.7 and Figure 5.8). Therefore, it can be said 
that all mixes should give reasonable results and can all be classed as SCC. 
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Figure 5.7 : Mix M12, 3 days, cube after 
compressive strength test 
 
Figure 5.8 : Mix M10, 14 days, cube after 
compressive strength test 
From the fresh concrete tests, the V-funnel results ranged from 5.2 seconds to 
nearly 12 seconds which confirmed that the flowability of the SCC was high enough. 
In the L-box test the concrete did not flow as freely as water as H2/H1 was 0.9 for 
most of mixes. There was always a blockage of coarse aggregate behind the 
reinforcing bars, which will explain why H2/H1 was not 1. The slump flow test proved 
that the concrete had the ability to fill formwork under its own weight without any 
vibration. All the results were over 650 mm.  
The J-ring test proved the flow and passing ability of the concrete and it showed that 
SCC had a high passing ability, as the results were not too much different from the 
slump flow test. There was not a great difference in height outside of the J-ring, 
which also supports that the SCC had good passing ability. Hence, it can be 
concluded that all the mixes could therefore be classified as SCC as every mix met 
the EFNARC (2002) criteria by passing at least three of the four tests. All mixes had 
appropriate flowability, filling ability, passing ability and viscosity.  
5.4 Hardened properties  
This section reports the mechanical hardened property results from the laboratory 
work described in Chapter 4, providing the cylinder splitting strengths (f/t), modulus of 
rupture strengths (MOR), cylinder compression strengths (fc) and the cube 
compression strengths (fcu) for NSC, HSC and SCC, calculated by applying the 
equations presented in Sections 2.3.2 and 2.4.2.  
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5.4.1 Normal strength concrete (NSC) 
29 batches of NSC were tested, 14 with 10mm Scottish red granite and the 
remaining 15 with 20mm Scottish red granite (Table 5.7). 22 batches of concrete 
were cured for 7 days (series N1 to N22), and the remaining seven batches were 
cured for 91 days (series N23 to N29) to obtain values for cylinder splitting, cylinder 
compression, cube compression and MOR. For each series, the name of the batch is 
in the form of Nx-Cy, where x and y represent the batch number and target strength 
respectively. In each batch, 3 samples for each type of test were applied. The 
hardened properties of 7 and 91 days strengths of the NSC are shown in Table 5.7; 
each value reported is the average of three tests. The standard deviations (S.D.) of 
cylinder splitting strength, flexural strength, cylinder compressive strength and cube 
compressive strength were 0.54, 0.99, 8.06 and 13.85 at 7 and 91 days with 
averages of 3.71, 5.77, 37.51 and 51.43 respectively. From Table 5.7, the variation 
in the tensile strength (cylindrical splitting) and the compressive strength among the 
various batches can be easily observed.  
The MOR and cylinder splitting strength (f/t) are plotted against cylinder/cube 
compressive strength (fc or fcu) in Figures 5.9 and 5.10. Previous investigations have 
shown that the MOR is greater than the cylindrical splitting strength. From the 
experimental results, the above statement appears to be true and is demonstrated in 
the case of NSC by Figures 5.9 and 5.10.  
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Figure 5.9: Average cylinder splitting strength (f/t) and MOR v/s cylinder compressive strength (fc) for 
NSC 
 
Figure 5.10: Average cylinder splitting strength (f/t) and MOR v/s cube compressive strength (fcu) for 
NSC 
From Figure 5.9 and Figure 5.10, it is clear that the MOR is much greater than the 
cylinder splitting strength. The possible cause for this difference between these two 
methods has been discussed earlier in Chapter 2. The true uniaxial tensile strength 
of concrete is lower than both the MOR and the cylinder splitting strength, with the 
cylinder splitting strength being closer to the true tensile strength. 
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Table 5.7: Results obtained from the experimental investigation and computation of strength parameters for NSC tested at 7 and 91 days 
Batch Load (N)  f't (N/mm2)  f'Avet (N/mm2) Load (N)  MOR (N/mm2) MORAve (N/mm2) Load (N)   fc (N/mm2) fAvec (N/mm2) Load (N)  fcu (N/mm2) fAvecu (N/mm2) 
N1-C80  315900 4.33 
4.44 
22900 6.87 
7.24 
961000 52.6 
53.8 
666500 66.6 
67.2   305600 4.19 23900 7.17 984000 53.9 687400 68.7 
  350200 4.80 25600 7.68 1003000 54.9 663700 66.3 
N2-C70  338200 4.64 
4.29 
20700 6.21 
6.50 
884000 48.4 
46.1 
636800 63.6 
61.3   301500 4.13 23500 7.05 841200 46.1 633600 63.3 
  298500 4.09 20800 6.24 798000 43.7 571400 57.1 
N3-C60   294300 4.03 
4.09 
18840 5.65 
5.80 
730900 40.0 
39.3 
500000 50.0 
51.7   298500 4.09 19840 5.95 730400 40.0 536100 53.6 
  302900 4.15 19280 5.78 693200 38.0 516100 51.6 
N4-C50  248600 3.41 
3.52 
18550 5.57 
5.38 
679600 37.2 
37.4 
226200 22.6 
30.3   247400 3.39 18230 5.47 648500 35.5 226500 22.6 
  274900 3.77 16990 5.10 721600 39.5 457100 45.7 
N5-C50 220500 3.02 
3.04 
18960 5.69 
4.75 
445600 24.4 
27.8 
404400 40.4 
42.6   216600 2.97 13450 4.04 529700 29.0 428400 42.8 
  229200 3.14 15120 4.54 548600 30.0 445500 44.5 
N6-C80 325200 4.46 
4.34 
23900 7.17 
7.34 
840700 46.0 
45.3 
702500 70.2 
71.6   317900 4.36 24000 7.20 878300 48.1 728100 72.8 
  306700 4.20 25500 7.65 760100 41.6 718100 71.8 
N7-C80  249200 3.42 
3.75 
23200 6.96 
7.28 
800100 43.8 
36.7 
666900 66.6 
61.1   307900 4.22 22900 6.87 651400 35.7 473300 47.3 
  263200 3.61 26700 8.01 560400 30.7 693700 69.3 
N8-C70  261100 3.58 
3.55 
18290 5.49 
6.15 
726400 39.8 
38.0 
561800 56.1 
54.9   264700 3.63 20500 6.15 653800 35.8 567300 56.7 
  251400 3.45 22700 6.81 702900 38.5 518100 51.8 
N9-C60  260500 3.57 
3.26 
17490 5.25 
5.45 
592100 32.4 
30.6 
348900 34.8 
45.4   190200 2.61 18640 5.59 547100 29.9 508800 50.8 
  263400 3.61 18410 5.52 536400 29.4 505300 50.5 
N10-C70  341600 4.68 
4.33 
21000 6.30 
6.71 
753000 41.2 
39.7 
596300 59.6 
53.2   308600 4.23 23100 6.93 714100 39.1 416200 41.6 
  296800 4.07 23000 6.90 705800 38.6 584200 58.4 
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Batch Load (N)  f't (N/mm2)  f'Avet (N/mm2) Load (N)  MOR (N/mm2) MORAve (N/mm2) Load (N)   fc (N/mm2) fAvec (N/mm2) Load (N)  fcu (N/mm2) fAvecu (N/mm2) 
N11-C60  287400 3.94 
3.76 
19650 5.90 
6.04 
628500 34.4 
33.8 
440000 44.0 
47.6   292100 4.00 19390 5.82 595100 32.6 427900 42.7 
  244000 3.34 21400 6.42 631200 34.6 562700 56.2 
N12-C50 273500 3.75 
3.79 
16730 5.02 
5.27 
535600 29.3 
32.3 
481900 48.1 
48.2   265600 3.64 18170 5.45 660000 36.1 511300 51.1 
  291500 4.00 17760 5.33 577100 31.6 452700 45.2 
N13-C80 295400 4.05 
4.06 
19780 5.93 
6.43 
703500 38.5 
40.4 
677100 67.7 
67.2   297800 4.08 22700 6.81 854600 46.8 679400 67.9 
  203200 2.78 21800 6.54 655500 35.9 660000 66.0 
N14-C70 247300 3.39 
3.37 
21000 6.30 
6.17 
667100 36.5 
43.2 
652400 65.2 
63.0   231700 3.18 17790 5.34 856100 46.9 608500 60.8 
  259600 3.56 22900 6.87 842000 46.1 630200 63.0 
N15-C60 256000 3.51 
3.75 
16310 4.89 
5.07 
739800 40.5 
41.4 
516500 51.6 
52.1   266800 3.66 17810 5.34 771600 42.3 503300 50.3 
  298800 4.10 16570 4.97 755700 41.4 544900 54.4 
N16-C50  238700 3.27 
3.30 
18680 5.60 
4.92 
592800 32.5 
31.4 
411100 41.1 
43.9   243300 3.33 15040 4.51 597800 32.7 443200 44.3 
  258000 3.54 15520 4.66 529700 29.0 463800 46.3 
N17-C70  288900 3.96 
3.91 
17990 5.40 
5.08 
685200 37.5 
37.8 
579400 57.9 
51.4   292100 4.00 15150 4.55 710100 38.9 602100 60.2 
  275400 3.77 17630 5.29 675900 37.0 362400 36.2 
N18-C50  274300 3.76 
3.60 
18580 5.57 
5.64 
500200 27.4 
31.4 
452300 45.2 
42.0   264500 3.62 18810 5.64 660500 36.2 390700 39.0 
  248700 3.41 19000 5.70 561900 30.8 419400 41.9 
N19-C40 203000 2.78 
2.69 
14230 4.27 
4.17 
452500 24.8 
25.6 
276500 27.6 
31.4   185200 2.54 14820 4.45 476200 26.1 311300 31.1 
  201500 2.76 12630 3.79 475700 26.0 354500 35.4 
N20-C40  201300 2.76 
2.66 
13350 4.01 
4.15 
464700 25.4 
24.5 
310700 31.0 
31.2   182500 2.50 12510 3.75 446300 24.4 312900 31.2 
  199500 2.73 15630 4.69 432700 23.7 315200 31.5 
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Batch Load (N)  f't (N/mm2)  f'Avet (N/mm2) Load (N)  MOR (N/mm2) MORAve (N/mm2) Load (N)   fc (N/mm2) fAvec (N/mm2) Load (N)  fcu (N/mm2) fAvecu (N/mm2) 
N21-C40  219200 3.00 
3.18 
15190 4.56 
4.50 
571200 31.3 
31.2 
344600 34.4 
34.8   249100 3.41 15080 4.52 568800 31.1 338100 33.8 
  227000 3.11 14710 4.41 569700 31.2 362100 36.2 
N22-C40 196600 2.69 
2.94 
16370 4.91 
4.66 
518500 28.4 
28.6 
314500 31.4 
32.1   223000 3.06 14450 4.34 515400 28.2 322800 32.2 
  224200 3.07 15750 4.73 533300 29.2 327000 32.7 
N23-C80 317200 4.35 
4.41 
24400 7.32 
7.47 
976000 53.5 
52.3 
650500 65.0 
79.6   317200 4.35 25200 7.56 934100 51.2 856000 85.6 
  330300 4.53 25100 7.53 585900 32.1 881600 88.1 
N24-C70 351300 4.81 
4.49 
22300 6.69 
7.32 
886900 48.6 
47.6 
685600 68.5 
64.9   302000 4.14 23700 7.11 851100 46.6 866000 86.6 
  330000 4.52 27200 8.16 696200 38.1 396900 39.6 
N25-C60 289500 3.97 
4.22 
19570 5.87 
5.96 
890800 48.8 
43.9 
635900 63.5 
70.2   293600 4.02 19780 5.93 722600 39.6 738400 73.8 
  341300 4.68 20230 6.07 791200 43.3 731700 73.1 
N26-C50  320200 4.39 
4.31 
20700 6.21 
5.81 
857700 47.0 
49.1 
622800 62.2 
62.5   300900 4.12 18920 5.68 928700 50.9 591100 59.1 
  321400 4.40 18440 5.53 904900 49.6 663700 66.3 
N27-C40  303500 4.16 
3.86 
19280 5.78 
6.22 
728400 39.9 
39.3 
524400 52.4 
53.7   269600 3.69 21000 6.30 783500 42.9 546200 54.6 
  270900 3.71 21900 6.57 638900 35.0 540700 54.0 
N28-C30  277400 3.80 
3.75 
19270 5.78 
5.44 
673800 36.9 
32.3 
453100 45.3 
44.9   276800 3.79 17220 5.17 496100 27.2 435000 43.5 
  266100 3.65 17950 5.39 601700 32.9 460000 46.0 
N29-C20  223800 3.07 
3.03 
14460 4.338  
 
4.56 
460600 25.2 
25.5 
292500 29.2 
30.5   227400 3.12 15550 4.665 484600 26.5 304300 30.4 
  212300 2.91 15560 4.668 455400 24.9 318900 31.8 
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5.4.2 High strength silica fume concrete (HSC) 
Table 5.8 shows the results obtained from testing conducted on the 137 batches of 
HSC tested at 3, 7, 14, 28 and 91 days. For each series, the name of the batch is in 
the form of Hx-Cy, where x and y represents the number of the batch and target 
strength respectively. Mixes H31-C20, H32-C20, H33-C30 and H34-C40 had 
cracked on demoulding which resulted in the cubes breaking before they could be 
cured. As a result only two samples were compression tested for these batches. 
Mixes H67-C40 and H83-C40 had the same problem, hence only two samples were 
applied for the MOR and cylinder splitting test for these batches respectively.  
In Table 5.8, the variation in the tensile strength (f/t) and the compressive strength 
(fc) among the various batches can be easily observed. The splitting tensile strength 
ranged from 1.54 MPa (H34-C40, 7 days) to 7.87 MPa (H131-C18, 91 days) while 
the compressive strength ranged from 16.15 MPa (H34-C40, 7 days) to 93.81 MPa 
(H100-C110, 14 days). The strengths of the HSC mixes increased as the proportion 
of cement and silica fume increased in the mix. For instance, an average cylinder 
compressive strength (fc) of series C30 with 1.7 kg of silica fume and 0.34 litres of 
superplasticiser is lower than series C110 constituted of 3.1 kg of silica fume and 
0.62 litres of superplasticiser. The dispersion effect of the superplasticiser improved 
the efficiency of hydration making the strength of the concrete less dependent upon 
the cement content and w/c ratio. The lower the w/c ratio, the higher the 
compressive strength of the concrete for a given workability as long as the mix 
remained cohesive.  In each batch, 3 samples for each type of test were need. The 3, 
7, 14, 28 and 91 days strengths of the HSC are shown in Table 5.8. Each value 
reported is the average of three tests and the standard deviations (S.D.) and 
average (Mean) of cylinder splitting strength, the MOR, cylinder compressive 
strength and cube compressive strength were 1.26, 2.04, 15.90 and 23.11 with 
averages 4.56, 7.03, 50.84 and 65.77 respectively.   
Many researchers (Akazawa, 1953, Oloukon, 1991 and Ahmad, 1994) have 
suggested the use of relationships between the compressive strength (fc) and tensile 
strength (ft), to provide a value for the tensile strength of concrete based on the value 
of cylinder/cube compressive strength. Figure 5.11a presents the cylinder 
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compressive strength (fc) against cylinder splitting strength (f/t) for the present HSC 
data sets. The relationship suggested in BS EN 1992-1-1 (2004) is (Equation 5.1):  
f/t = 0.9 × fc      (5.1) 
where, fc is the cylinder compressive strength and f/t is the cylinder splitting strength. 
As it is clear from Figure 5.11a the majority of the data points fall above this line, 
suggesting an underestimation of the tensile strength by a large margin, in some 
cases close to 50% (British Standard, 2004). This confirms Lin’s statement of up to 
40% underestimation mentioned in Section 2.6.3 (Lin et al., 1997). From the data 
points it appears difficult to provide validation for any of the other relationship 
between the two values as the spread seems large, with a number of paths for which 
to conclude a line of best fit, whether it be linear or non-linear. The conclusion is that 
any of the suggested relationships could be claimed to be correct with little 
understanding of the mechanisms of failure. This suggests there is not a direct 
relationship between the tensile strength of concrete and the compressive strength, 
providing further validation for the requirement of such a model as the one proposed 
by Lin et al. (1997) and Senussi (2004).   
The MOR and cylinder splitting strength (f/t) are plotted against cylinder/cube 
compressive strength (fc or fcu) in Figures 5.11b and 5.11c. Previous investigations 
have shown that the MOR is greater than the cylindrical splitting strength. From the 
experimental results, the above statement appears to be true and is demonstrated in 
the case of HSC in Figures 5.11b and 5.11c.  
 
 
 
 
118 
 
 
(a) 
 
(b) 
 
(c) 
Figure 5.11: (a) Correlation between cylinder compressive strength (fc) and cylinder splitting strength 
(f/t) for HSC, (b) Average cylinder splitting strength (f/t) and MOR v/s cylinder compressive strength (fc) 
for HSC, (c) Average cylinder splitting strength (f/t) and MOR v/s cube compressive strength (fcu) for 
HSC 
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Table 5.8: Results obtained from the experimental investigation and computation of strength parameters for HSC tested at 3, 7, 14, 28 and 91 days 
Batch Load (N) f't (N/mm2)  f'Avet (N/mm2) Load (N)  MOR (N/mm2) MORAve (N/mm2) Load (N) fc (N/mm2) fAvec (N/mm2) Load (N) fcu (N/mm2) fAvecu (N/mm2) 
H1-C100 322000 4.41 
4.40 
21400 6.42 
6.15 
910900 49.9 
50.9 
576400 57.6 
56.1   338300 4.64 20700 6.21 953700 52.2 499900 49.9 
  302100 4.14 19400 5.82 925800 50.7 608500 60.8 
H2-C90 269100 3.69 
3.63 
20200 6.06 
5.77 
803000 44.0 
42.7 
403200 40.3 
48.8   280700 3.85 20500 6.15 761900 41.7 531300 53.1 
  245700 3.37 16960 5.09 775200 42.5 530100 53.0 
H3-C80 273700 3.75 
3.72 
20100 6.03 
6.02 
775300 42.5 
42.0 
490900 49.0 
51.9   273900 3.75 20200 6.06 759300 41.6 541700 54.1 
  267000 3.66 19940 5.98 766800 42.0 525500 52.5 
H4-C70 200300 2.75 
2.93 
15590 4.677 
4.34 
580300 31.8 
32.2 
331300 33.1 
38.0   202800 2.78 13880 4.164 436600 23.9 408500 40.8 
  238600 3.27 13940 4.182 596000 32.6 402500 40.2 
H5-C60 230800 3.16 
3.03 
13070 3.921 
4.06 
591100 32.4 
31.8 
387200 38.7 
39.7   220500 3.02 12900 3.87 591200 32.4 399300 39.9 
  211200 2.89 14580 4.374 562500 30.8 405500 40.5 
H6-C50 198900 2.73 
2.78 
13070 3.921 
4.05 
482600 26.4 
26.3 
349100 34.9 
33.5   204700 2.81 13690 4.107 482400 26.4 363200 36.3 
  204700 2.81 13740 4.122 478800 26.2 293300 29.3 
H7-C40 197200 2.70 
2.67 
16470 4.941 
4.56 
466800 25.5 
25.8 
359000 35.9 
35.3   155000 2.12 14660 4.398 473700 25.9 384400 38.4 
  232600 3.19 14470 4.341 472300 25.8 317700 31.7 
H8-C100 271800 3.73 
3.85 
16890 5.067 
4.57 
760900 41.7 
36.4 
584000 58.4 
58.2   292300 4.01 14650 4.395 423400 23.2 596400 59.6 
  278600 3.82 14120 4.236 566900 31.0 566200 56.6 
H9-C90 261300 3.58 
3.52 
14680 4.404 
4.80 
807000 44.2 
42.4 
607000 60.7 
57.8   231900 3.18 16970 5.091 751500 41.2 542700 54.2 
  278300 3.81 16310 4.893 764700 41.9 584300 58.4 
H10-C30 201800 2.77 
2.72 
13720 4.116 
3.92 
420000 23.0 
23.1 
274200 27.4 
27.2   131100 1.80 12980 3.894 418800 22.9 261200 26.1 
  195400 2.68 12460 3.738 427900 23.4 283200 28.3 
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Batch Load (N) f't (N/mm2)  f'Avet (N/mm2) Load (N)  MOR (N/mm2) MORAve (N/mm2) Load (N) fc (N/mm2) fAvec (N/mm2) Load (N) fcu (N/mm2) fAvecu (N/mm2) 
H11-C80 231300 3.17 
3.05 
13350 4.005 
4.23 
515700 28.2 
30.6 
497600 49.7 
51.2  220500 3.02 15190 4.557 528400 28.9 518800 51.8 
 215020 2.95 13730 4.119 635400 34.8 520500 52.0 
H12-C70 200300 2.75 
2.73 
12660 3.798 
4.01 
575300 31.5 
31.0 
386200 38.6 
40.2  198600 2.72 13770 4.131 574000 31.4 400700 40.0 
 199000 2.73 13670 4.101 547600 30.0 420200 42.0 
H13-C60 190100 2.61 
2.68 
13670 4.101 
3.87 
495300 27.1 
26.9 
354800 35.4 
37.0  208400 2.86 11890 3.567 474400 26.0 379100 37.9 
 188000 2.58 13140 3.942 507300 27.8 378600 37.8 
H14-C50 203600 2.79 
2.95 
12590 3.78 
3.81 
441500 24.2 
26.1 
370400 37.0 
36.9  226300 3.10 13280 3.98 512000 28.0 370200 37.0 
 215300 2.95 12250 3.68 477100 26.1 366600 36.6 
H15-C110 331400 4.54 
4.58 
20350 6.11 
6.06 
899000 45.6 
45.8 
716300 71.6 
72.3  352000 4.82 20430 6.13 900000 45.0 740200 74.0 
 319000 4.37 19830 5.95 899000 46.9 714600 71.4 
H16-C110 318800 4.37 
4.61 
18190 5.46 
6.13 
947500 47.9 
47.2 
756600 75.6 
77.4  354100 4.85 20500 6.15 940600 46.9 777100 77.7 
 336900 4.62 22600 6.78 907400 46.9 789100 78.9 
H17-C20 330700 4.53 
4.25 
19600 5.88 
5.74 
858600 47.0 
43.8 
614000 61.4 
61.8  290500 3.98 18700 5.61 748300 41.0 650000 65.0 
 309100 4.24 19100 5.73 791000 43.3 592000 59.2 
H18-C20 270400 3.71 
4.07 
19100 5.73 
5.55 
697300 38.2 
37.2 
560000 56.0 
56.5  319700 4.38 18000 5.40 888000 48.6 555000 55.5 
 301200 4.13 18400 5.52 661800 36.2 582000 58.2 
H19-C30 348600 4.78 
4.52 
20000 6.00 
6.04 
1001000 54.8 
52.9 
640000 64.0 
64.7  310900 4.26 19300 5.79 910000 49.8 627000 62.7 
 230200 3.15 21100 6.33 984000 53.9 674000 67.4 
H20-C40 391000 5.36 
5.37 
27100 8.13 
7.52 
987600 54.1 
53.7 
680000 68.0 
70.0   405100 5.55 24900 7.47 1001000 54.8 701000 70.1 
  380000 5.21 25200 7.56 955100 52.3 720000 72.0 
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Batch Load (N) f't (N/mm2)  f'Avet (N/mm2) Load (N)  MOR (N/mm2) MORAve (N/mm2) Load (N) fc (N/mm2) fAvec (N/mm2) Load (N) fcu (N/mm2) fAvecu (N/mm2) 
H21-C50 390000 5.34 
5.45 
25600 7.68 
7.86 
923100 50.6 
52.1 
690000 69.0 
68.0  368700 5.05 27000 8.10 980300 53.7 650000 65.0 
 434800 5.96 26000 7.80 1096000 60.0 700000 70.0 
H22-C60 370000 5.07 
4.34 
25200 7.56 
5.93 
1053000 57.7 
58.9 
630000 63.0 
62.9  250300 3.43 20100 6.03 1097000 60.1 640000 64.0 
 330200 4.53 19400 5.82 873200 47.8 619000 61.9 
H23-C70 349600 4.79 
4.49 
17200 5.16 
5.09 
991000 54.3 
56.3 
640000 64.0 
64.1  320200 4.39 17100 5.13 998000 54.7 638000 63.8 
 312000 4.28 16600 4.98 1093000 59.9 645000 64.5 
H24-C80 330200 4.53 
4.46 
20550 6.17 
6.20 
858600 47.0 
44.1 
614000 61.4 
61.8  320100 4.39 20800 6.24 748300 41.0 650000 65.0 
 390000 5.34 24800 7.44 810000 44.4 592000 59.2 
H25-C80 352000 4.82 
4.64 
21000 6.30 
6.55 
821500 45.0 
44.1 
510000 51.0 
54.9  341200 4.68 22500 6.75 888000 48.6 555000 55.5 
 321600 4.41 22000 6.60 787900 43.1 582000 58.2 
H26-C90 380100 5.21 
5.03 
22000 6.60 
7.00 
1087000 59.5 
54.2 
640000 64.0 
64.7  350200 4.80 24200 7.26 900000 49.3 627000 62.7 
 370400 5.08 23800 7.14 984000 53.9 674000 67.4 
H27-C90 310200 4.25 
4.04 
25200 7.56 
7.44 
925200 50.7 
48.1 
629000 62.9 
61.8  270000 3.70 24700 7.41 832200 45.6 576000 57.6 
 304200 4.17 24500 7.35 708100 38.8 649000 64.9 
H28-C100 340300 4.66 
4.90 
23800 7.14 
7.15 
923100 50.6 
51.6 
611000 61.1 
60.8  380800 5.22 24100 7.23 920600 50.4 616000 61.6 
 350800 4.81 23600 7.08 980300 53.7 597000 59.7 
H29-C110 387600 5.31 
4.92 
22000 6.60 
6.40 
1053000 57.7 
55.2 
630000 63.0 
62.9  330100 4.52 21400 6.42 873200 47.8 640000 64.0 
 410000 5.62 20600 6.18 1097000 60.1 619000 61.9 
H30-C110 357800 4.90 
4.88 
20400 6.12 
6.04 
983000 53.8 
55.2 
640000 64.0 
64.1  360400 4.94 19900 5.97 994000 54.4 638000 63.8 
 349500 4.79 20100 6.03 1048000 57.4 645000 64.5 
 
 
122 
 
Batch Load (N) f't (N/mm2) f'Avet (N/mm2) Load (N) MOR (N/mm2) MORAve (N/mm2) Load (N) fc (N/mm2) fAvec (N/mm2) Load (N) fcu (N/mm2) fAvecu (N/mm2) 
H31-C20 191200 2.62 
3.31 
18900 5.67 
5.45 
610900 33.4 
34.0 
Specimens not tested due to 
cracking during demoulding 
 239200 3.28 17400 5.22 626000 34.3 
 243300 3.33 18200 5.46 627000 34.3 
H32-C20 206900 2.84 
2.72 
15600 4.68 
4.38 
503400 27.6 
34.1  181900 2.49 13700 4.11 617400 33.8 
 205700 2.82 14500 4.35 626600 34.3 
H33-C30 144000 1.97 
2.65 
15400 4.62 
4.52 
459100 25.1 
25.3  185400 2.54 15400 4.62 464900 25.4 
 201700 2.76 14400 4.32 486100 26.6 
H34-C40 115400 1.58 
1.54 
9800 2.94 
3.06 
292500 16.0 
16.1  109700 1.50 10100 3.03 338900 18.5 
 131600 1.80 10700 3.21 296600 16.2 
H35-C50 315300 4.32 
3.64 
21100 6.33 
6.45 
753800 41.3 
41.1 
569500 56.9 
56.2  269100 3.69 22000 6.60 699000 38.3 560700 56.0 
 262000 3.59 21400 6.42 799300 43.8 557900 55.7 
H36-C60 316000 4.33 
4.44 
20700 6.21 
6.19 
720300 39.4 
39.6 
619800 61.9 
59.4  332600 4.56 20700 6.21 724900 39.7 574300 57.4 
 198800 2.72 20500 6.15 787700 43.1 588200 58.8 
H37-C70 318000 4.36 
4.42 
22200 6.66 
7.54 
564700 30.9 
48.0 
623800 62.3 
62.1  327300 4.49 26200 7.86 914000 50.1 618300 61.8 
 359900 4.93 27000 8.10 838500 45.9 443800 44.3 
H38-C80 200500 2.75 
2.72 
20500 6.15 
6.02 
658500 36.1 
36.3 
556700 55.6 
54.4  168800 2.31 20900 6.27 668000 36.6 532800 53.2 
 196200 2.69 18800 5.64 766600 42.0 543100 54.3 
H39-C80 373300 5.12 
5.64 
26600 7.98 
8.47 
1133000 62.1 
60.1 
726800 72.6 
73.0  399100 5.47 29900 8.97 1107000 60.6 741700 74.1 
 424200 5.81 28200 8.46 1052000 57.6 723100 72.3 
H40-C90 373300 5.12 
4.06 
26600 7.98 
7.53 
1133000 62.1 
53.7 
726800 72.6 
67.0  243300 3.33 24100 7.23 785500 43.0 624000 62.4 
 271400 3.72 24600 7.38 829300 45.4 659200 65.9 
 
 
123 
 
Batch Load (N) f't (N/mm2) f'Avet (N/mm2) Load (N) MOR (N/mm2) MORAve (N/mm2) Load (N) fc (N/mm2) fAvec (N/mm2) Load (N) fcu (N/mm2) fAvecu (N/mm2) 
H41-C90 292100 4.00 
3.90 
23300 6.99 
7.22 
816700 44.7 
44.0 
560900 56.0 
60.7  276400 3.79 13300 3.99 781600 42.8 620600 62.0 
 265300 3.64 24800 7.44 789000 43.2 594100 59.4 
H42-C100 284300 3.90 
4.39 
22300 6.69 
6.98 
853000 46.7 
49.7 
651200 65.1 
67.4  313000 4.29 26800 8.04 728600 39.9 680600 68.0 
 327700 4.49 20700 6.21 962000 52.7 691600 69.1 
H43-C110 356500 4.89 
4.91 
30400 9.12 
9.70 
1306000 71.6 
64.8 
815000 81.5 
82.5  360700 4.94 33200 9.96 1202000 65.8 842700 84.2 
 419800 5.75 33400 10.02 1163000 63.7 817200 81.7 
H44-C110 331100 4.54 
5.29 
29200 8.76 
8.64 
1149000 62.9 
61.1 
796400 79.6 
79.6  378400 5.19 27500 8.25 1274000 69.8 814800 81.4 
 393900 5.40 29700 8.91 1081000 59.2 778700 77.8 
H45-C20 199800 2.74 
2.67 
14900 4.47 
4.65 
460500 25.2 
25.7 
407700 40.7 
39.6  202600 2.78 15800 4.74 491000 26.9 386500 38.6 
 182400 2.50 15800 4.74 459500 25.1 395600 39.5 
H46-C30 216800 2.97 
2.98 
15800 4.74 
4.82 
512300 28.0 
28.5 
421300 42.1 
42.6  233500 3.20 16100 4.83 528900 28.9 433600 43.3 
 202100 2.77 16300 4.89 406300 22.2 425000 42.5 
H47-C40 238500 3.27 
3.47 
16700 5.01 
5.13 
590200 32.3 
33.0 
479600 47.9 
47.8  245600 3.37 17100 5.13 602900 33.0 472200 47.2 
 275200 3.77 17500 5.25 613200 33.6 482300 48.2 
H48-C50 295500 4.05 
3.71 
17900 5.37 
5.24 
620400 34.0 
33.4 
517200 51.7 
51.3  263800 3.62 17600 5.28 601300 32.9 509900 50.9 
 253100 3.47 16900 5.07 401000 21.9 512300 51.2 
H49-C60 312500 4.28 
4.13 
19300 5.79 
5.86 
729800 40.0 
39.2 
532600 53.2 
52.0  291300 3.99 20100 6.03 700100 38.3 501800 50.1 
 299600 4.11 19200 5.76 720000 39.4 526900 52.6 
H50C70 340000 4.66 
4.66 
21500 6.45 
6.39 
779600 42.7 
44.2 
566300 56.6 
58.9  342000 4.69 21500 6.45 818900 44.8 598700 59.8 
 338000 4.63 20900 6.27 820300 44.9 602300 60.2 
 
 
124 
 
Batch Load (N) f't (N/mm2) f'Avet (N/mm2) Load (N) MOR (N/mm2) MORAve (N/mm2) Load (N) fc (N/mm2) fAvec (N/mm2) Load (N) fcu (N/mm2) fAvecu (N/mm2) 
H51-C80 372400 5.10 
5.01 
23000 6.90 
6.81 
912500 50.0 
51.2 
653800 65.3 
65.2  358600 4.91 22500 6.75 927500 50.8 649700 64.9 
 256100 3.51 22600 6.78 965100 52.9 655000 65.5 
H52-C90 339800 4.66 
4.91 
23400 7.02 
7.05 
950300 52.1 
51.8 
658700 65.8 
64.9  375200 5.14 23900 7.17 523800 28.7 642300 64.2 
 360700 4.94 23200 6.96 940200 51.5 646400 64.6 
H53-C100 460300 6.31 
5.95 
27100 8.13 
8.15 
1156200 63.3 
62.3 
702500 70.2 
71.1  440800 6.04 26500 7.95 1140900 62.5 718300 71.8 
 402300 5.51 27900 8.37 1113500 61.0 715000 71.5 
H54-C110 423500 5.80 
5.74 
25900 7.77 
8.05 
1120300 61.4 
61.3 
743600 74.3 
72.2  389600 5.34 28200 8.46 1145800 62.8 725600 72.5 
 443800 6.08 26400 7.92 1088900 59.6 698700 69.8 
H55-C20 241800 3.31 
3.11 
16400 4.92 
5.08 
504700 27.6 
29.6 
464700 46.4 
45.0  214300 2.94 17100 5.13 367300 20.1 447000 44.7 
 224200 3.07 17300 5.19 577300 31.6 439800 43.9 
H56-C30 255600 3.50 
3.55 
17300 5.19 
5.19 
612300 33.5 
33.9 
499800 49.9 
50.3  288900 3.96 17500 5.25 642300 35.2 503200 50.3 
 231800 3.18 17100 5.13 601200 32.9 506800 50.6 
H57-C40 262600 3.60 
3.83 
18000 5.40 
5.61 
685300 37.5 
36.2 
536200 53.6 
53.8  299600 4.11 18700 5.61 642300 35.2 548900 54.8 
 277100 3.80 19400 5.82 653600 35.8 529700 52.9 
H58-C50 317800 4.36 
4.25 
20100 6.03 
6.35 
752300 41.2 
42.5 
598500 59.8 
61.5  277200 3.80 23500 7.05 798700 43.7 605200 60.5 
 334500 4.58 19900 5.97 598700 32.8 641200 64.1 
H59-C60 346500 4.75 
4.71 
22300 6.69 
6.87 
895300 49.0 
49.3 
686700 68.6 
66.5  362500 4.97 23600 7.08 885600 48.5 652300 65.2 
 322500 4.42 22800 6.84 917600 50.3 658200 65.8 
H60-C70 366900 5.03 
4.95 
22900 6.87 
7.10 
871100 47.7 
47.3 
684500 68.4 
66.3  226800 3.11 25000 7.50 598300 32.8 664200 66.4 
 354800 4.86 23100 6.93 856200 46.9 642100 64.2 
 
 
125 
 
Batch Load (N) f't (N/mm2) f'Avet (N/mm2) Load (N) MOR (N/mm2) MORAve (N/mm2) Load (N) fc (N/mm2) fAvec (N/mm2) Load (N) fcu (N/mm2) fAvecu (N/mm2) 
H61-C80 398300 5.46 
5.37 
27500 8.25 
8.11 
954200 52.3 
52.9 
689500 68.9 
69.4  351900 4.82 26800 8.04 967300 53.0 672500 67.2 
 426100 5.84 26800 8.04 975200 53.4 720400 72.0 
H62-C90 423300 5.80 
5.82 
29100 8.73 
8.72 
1098000 60.1 
61.0 
725100 72.5 
73.4  435600 5.97 29800 8.94 1112000 60.9 735600 73.5 
 415600 5.70 28300 8.49 1129000 61.8 741900 74.1 
H63-C100 458600 6.29 
6.14 
31100 9.33 
9.25 
1189000 65.1 
63.8 
774100 77.4 
78.4  436800 5.99 30500 9.15 1144000 62.7 778200 77.8 
 312600 4.28 30900 9.27 1162000 63.7 801500 80.1 
H64-C110 441700 6.05 
6.23 
34000 10.20 
9.95 
1180000 64.6 
67.0 
793200 79.3 
83.8  452600 6.20 33100 9.93 1250000 68.5 855100 85.5 
 469300 6.43 32400 9.72 1239000 67.9 865600 86.5 
H65-C20 182500 2.54 
2.46 
13800 4.14 
4.61 
342700 19.1 
21.3 
285400 28.5 
25.9  155200 2.16 16100 4.83 407400 22.7 243900 24.3 
 191100 2.66 16200 4.86 396800 22.1 248400 24.8 
H66-C30 299200 4.17 
3.90 
17600 5.28 
5.53 
718000 40.0 
39.4 
456900 45.6 
44.1  245600 3.42 18900 5.67 707700 39.4 388300 38.8 
 295300 4.12 18800 5.64 694000 38.7 479300 47.9 
H67-C40 325300 4.54 
4.90 
23700 7.11 
7.08 
747500 41.6 
40.0 
637900 63.7 
65.9  361600 5.04 0 0 442800 24.7 670100 67.0 
 366900 5.12 23500 7.05 688300 38.3 671700 67.1 
H68-C50 388600 5.42 
5.23 
24600 7.38 
7.19 
1097000 61.1 
59.5 
652100 65.2 
66.7  369800 5.16 25200 7.56 853400 47.6 707000 70.7 
 366000 5.10 22100 6.63 1038000 57.8 643300 64.3 
H69-C60 424300 5.92 
5.27 
26200 7.86 
8.02 
1078000 60.1 
63.1 
761400 76.1 
70.0  319500 4.45 26800 8.04 1135000 63.3 788900 78.8 
 390500 5.44 27200 8.16 1186000 66.1 551800 55.1 
H70-C70 413000 5.76 
4.83 
24300 7.29 
7.32 
1187000 66.2 
65.3 
682400 68.2 
73.9  338700 4.72 25200 7.56 1156000 64.4 765300 76.5 
 286600 4.00 23700 7.11 1171000 65.3 770900 77.0 
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Batch Load (N) f't (N/mm2) f'Avet (N/mm2) Load (N) MOR (N/mm2) MORAve (N/mm2) Load (N) fc (N/mm2) fAvec (N/mm2) Load (N) fcu (N/mm2) fAvecu (N/mm2) 
H71-C80 411900 5.74 
5.41 
24800 7.44 
7.71 
1120000 62.4 
66.7 
771900 77.1 
78.7  345400 4.82 24100 7.23 1240000 69.1 787600 78.7 
 406400 5.67 28200 8.46 1228000 68.4 802800 80.2 
H72-C90 465700 6.49 
6.39 
32800 9.84 
9.49 
917500 51.1 
53.9 
715800 71.5 
80.8  460700 6.42 32000 9.60 954500 53.2 839300 83.9 
 449200 6.26 30100 9.03 1030000 57.4 870000 87.0 
H73-C100 442300 6.17 
6.16 
27400 8.22 
8.17 
731900 40.8  
 
57.2 
708600 70.8 
73.5  440400 6.14 27200 8.16 1023000 57.0 747900 74.7 
 443400 6.18 27100 8.13 1028000 57.3 750300 75.0 
H74-C110 453100 6.32 
6.18 
29200 8.76 
9.27 
1055000 58.8 
58.7 
807800 80.7 
88.0  454200 6.33 32300 9.69 1035000 57.7 915000 91.5 
 421400 5.88 31200 9.36 1070000 59.6 920000 92.0 
H75-C60 340700 4.67 
4.68 
25100 7.53 
7.44 
924000 50.6 
50.0 
653800 65.3 
64.3  344000 4.71 25000 7.50 913400 50.0 633800 63.3 
 339200 4.65 24300 7.29 900000 49.3 642500 64.2 
H76-C70 385400 5.28 
5.05 
27400 8.22 
7.88 
880600 48.2 
58.0 
716500 71.6 
71.7  343100 4.70 26000 7.80 994000 54.4 696900 69.6 
 376500 5.16 25400 7.62 1123000 61.5 738300 73.8 
H77-C80 386100 5.29 
4.46 
24600 7.38 
8.10 
841500 46.1 
59.2 
646700 64.6 
68.5  235600 3.23 25700 7.71 1108000 60.7 710400 71.0 
 355500 4.87 30700 9.21 1053000 57.7 700600 70.0 
H78-C90 367800 5.04 
4.97 
28500 8.55 
7.67 
921300 50.5 
50.0 
662800 66.2 
72.9  296100 4.06 24400 7.32 970000 53.1 770100 77.0 
 356900 4.89 23800 7.14 847900 46.4 756100 75.6 
H79-C100 344200 4.72 
5.05 
26800 8.04 
8.29 
905400 49.6 
53.0 
716300 71.6 
70.2  383600 5.26 27600 8.28 949800 52.0 693100 69.3 
 377600 5.18 28500 8.55 1049000 57.5 697800 69.7 
H80-C110 437500 6.00 
5.57 
24200 7.26 
8.50 
1304000 71.4 
68.3 
848800 84.8 
80.7  382500 5.24 31600 9.48 1189000 65.1 749100 74.9 
 398300 5.46 29200 8.76 987000 54.1 824400 82.4 
 
 
127 
 
Batch Load (N) f't (N/mm2) f'Avet (N/mm2) Load (N) MOR (N/mm2) MORAve (N/mm2) Load (N) fc (N/mm2) fAvec (N/mm2) Load (N) fcu (N/mm2) fAvecu (N/mm2) 
H81-C20 300300 4.19 
3.73 
19000 5.70 
5.16 
602800 33.6 
36.3 
544000 54.4 
53.5  229000 3.19 16000 4.80 698900 38.9 539200 53.9 
 274100 3.82 16600 4.98 352500 19.6 522500 52.2 
H82-C30 295700 4.12 
4.10 
17200 5.16 
5.39 
874100 48.7 
42.6 
552700 55.2 
55.1  280900 3.92 18800 5.64 460000 25.6 547600 54.7 
 305600 4.26 17900 5.37 655100 36.5 552800 55.2 
H83-C40 0 0.00 
4.91 
20800 6.24 
6.50 
507400 28.3 
54.4 
698400 69.8 
72.3  337200 4.70 20500 6.15 874200 48.7 723700 72.3 
 367500 5.12 23700 7.11 1078000 60.1 747700 74.7 
H84-C50 377500 5.26 
5.43 
26600 7.98 
8.03 
1134000 63.2 
61.4 
830500 83.0 
81.1  357400 4.98 25800 7.74 1217000 67.8 784800 78.4 
 434100 6.05 27900 8.37 955100 53.2 818600 81.8 
H85-C60 432200 6.03 
5.42 
27000 8.10 
8.05 
1242000 69.2 
69.0 
883700 88.3 
88.6  320000 4.46 27800 8.34 1216000 67.8 884400 88.4 
 415000 5.79 25700 7.71 1254000 69.9 892200 89.2 
H86-C70 430500 6.00 
5.49 
28100 8.43 
8.42 
1151000 64.2 
68.5 
932300 93.2 
88.1  364100 5.08 28500 8.55 1273000 71.0 816800 81.6 
 386400 5.39 27600 8.28 1261000 70.3 895000 89.5 
H87-C80 349200 4.87 
5.40 
34900 10.47 
10.52 
1219000 67.9 
78.8 
992000 99.2 
100.4  464100 6.47 35800 10.74 1512000 84.3 978200 97.8 
 347800 4.85 34500 10.35 1514000 84.4 1044000 104.4 
H88-C90 418000 5.83 
5.03 
35600 10.68 
10.69 
1120000 62.4 
62.4 
1010000 101.0 
101.0  317000 4.42 33600 10.08 1144000 63.8 1026000 102.6 
 347900 4.85 37700 11.31 1093000 60.9 994000 99.4 
H89-C100 451900 6.30 
6.09 
30200 9.06 
9.56 
1061000 59.1 
56.5 
937200 93.7 
92.5  435300 6.07 34500 10.35 930400 51.8 905500 90.5 
 422900 5.90 30900 9.27 1051000 58.6 934400 93.4 
H90-C110 506200 7.06 
6.85 
39000 11.70 
11.16 
1104000 61.5 
62.2 
1043000 104.3 
104.5  522200 7.28 35700 10.71 1073000 59.8 1044000 104.4 
 446400 6.22 36900 11.07 1172000 65.3 1048000 104.8 
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Batch Load (N) f't (N/mm2) f'Avet (N/mm2) Load (N) MOR (N/mm2) MORAve (N/mm2) Load (N) fc (N/mm2) fAvec (N/mm2) Load (N) fcu (N/mm2) fAvecu (N/mm2) 
H91-C20 217700 3.04 
3.12 
17400 5.22 
5.06 
509600 28.4 
26.8 
376800 37.6 
35.8  215700 3.01 16800 5.04 479900 26.7 320500 32.0 
 238800 3.33 16400 4.92 456800 25.4 378500 37.8 
H92-C30 286900 4.00 
4.23 
21700 6.51 
5.75 
976000 54.4 
54.6 
328200 32.8 
31.7  313400 4.37 17000 5.10 1002000 55.8 321800 32.1 
 309800 4.32 18800 5.64 963000 53.7 302800 30.2 
H93-C40 390500 5.44 
4.82 
25000 7.50 
8.14 
1113000 62.0 
64.6 
761000 76.1 
66.2  292700 4.08 26600 7.98 1161000 64.7 591000 59.1 
 353200 4.92 29800 8.94 1205000 67.2 634000 63.4 
H94-C50 436400 6.08 
5.27 
31400 9.42 
8.96 
1276000 71.1 
68.8 
789300 78.9 
80.1  342000 4.77 30200 9.06 1306000 72.8 805700 80.5 
 355800 4.96 28000 8.40 1119000 62.4 809400 80.9 
H95-C60 432900 6.04 
5.92 
30100 9.03 
8.71 
1237000 68.9 
68.6 
824500 82.4 
80.2  436800 6.09 29700 8.91 1267000 70.6 803900 80.3 
 403400 5.62 27300 8.19 1187000 66.2 778800 77.8 
H96-C70 403900 5.63 
6.21 
32700 9.81 
9.52 
1137000 63.4 
61.9 
871500 87.1 
89.3  445800 6.22 32800 9.84 1113000 62.0 902300 90.2 
 486500 6.78 29700 8.91 1084000 60.4 908000 90.8 
H97-C80 412000 5.74 
5.70 
28400 8.52 
8.69 
1403000 78.2 
75.6 
777300 77.7 
84.1  452300 6.31 29500 8.85 1337000 74.5 883000 88.3 
 362800 5.06 29000 8.70 1329000 74.1 864900 86.4 
H98-C90 464000 6.47 
5.97 
33000 9.90 
9.75 
1422000 79.3 
77.8 
830000 83.0 
88.3  421300 5.87 34300 10.29 1353000 75.4 907400 90.7 
 399700 5.57 30200 9.06 1414000 78.8 913200 91.3 
H99-C100 526700 7.34 
6.26 
35300 10.59 
10.18 
1622000 90.4 
89.7 
1006000 100.6 
100.7  326500 4.55 33700 10.11 1554000 86.6 1002000 100.2 
 493200 6.88 32800 9.84 1651000 92.0 1015000 101.5 
H100-C110 502700 7.01 
7.03 
38100 11.43 
11.50 
1712000 95.4 
93.8 
1031000 103.1 
104.5  543200 7.57 36400 10.92 967000 53.9 1066000 106.6 
 465700 6.49 40500 12.15 1652000 92.1 1040000 104.0 
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Batch Load (N) f't (N/mm2) f'Avet (N/mm2) Load (N) MOR (N/mm2) MORAve (N/mm2) Load (N) fc (N/mm2) fAvec (N/mm2) Load (N) fcu (N/mm2) fAvecu (N/mm2) 
H101-C40 238800 3.27 
3.23 
16880 5.06 
5.05 
634200 34.7 
33.5 
407400 40.7 
41.5  236400 3.24 17020 5.11 604700 33.1 415000 41.5 
 231900 3.18 16620 4.99 596500 32.7 423600 42.3 
H102-C50 271400 3.72 
3.95 
21400 6.42 
6.51 
942700 51.6 
51.9 
641900 64.1 
62.5  272800 3.74 22800 6.84 755200 41.4 611600 61.1 
 321100 4.40 20900 6.27 951500 52.1 622200 62.2 
H103-C60 332200 4.55 
4.45 
22400 6.72 
6.62 
964500 52.8 
53.3 
705600 70.5 
69.0  329400 4.51 2200 0.66 968400 53.0 687500 68.7 
 311700 4.27 21700 6.51 985300 54.0 679600 67.9 
H104-C70 360000 4.93 
4.72 
23700 7.11 
7.01 
973000 53.3 
56.0 
749900 74.9 
74.9  367900 5.04 23300 6.99 974000 53.3 753300 75.3 
 306100 4.20 23100 6.93 1119000 61.3 744700 74.4 
H105-C80 346600 4.75 
4.94 
24800 7.44 
7.44 
967000 53.0 
56.3 
756400 75.6 
76.5  368400 5.05 24900 7.47 1102000 60.4 752500 75.2 
 367200 5.03 24720 7.42 1016000 55.7 786300 78.6 
H106-C90 331700 4.55 
4.71 
25800 7.74 
8.14 
825300 45.2 
61.5 
765700 76.5 
77.7  372300 5.10 27400 8.22 1096000 60.0 803700 80.3 
 327900 4.49 28200 8.46 1149000 62.9 764100 76.4 
H107-C100 405000 5.55 
5.29 
29700 8.91 
8.93 
1162000 63.7 
65.6 
800200 80.0 
81.4  390300 5.35 28800 8.64 1260000 69.0 826000 82.6 
 363600 4.98 30800 9.24 1168000 64.0 817900 81.7 
H108-C110 280400 3.84 
3.69 
20900 6.27 
6.27 
920700 50.4 
49.7 
564000 56.4 
55.6  258400 3.54 21300 6.39 892000 48.9 558600 55.8 
 269500 3.69 20510 6.15 909800 49.8 546400 54.6 
H109-C20 216600 2.97 
3.25 
15510 4.65 
4.49 
561100 30.7 
33.4 
466100 46.6 
46.1  256700 3.52 15210 4.56 655900 35.9 471100 47.1 
 237500 3.25 14210 4.26 615400 33.7 446500 44.6 
H110-C30 211100 2.89 
3.21 
19850 5.96 
5.46 
688800 37.7 
38.2 
562800 56.2 
56.5  223900 3.07 17690 5.31 705600 38.6 555700 55.5 
 266800 3.66 17090 5.13 445200 24.4 577600 57.7 
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Batch Load (N) f't (N/mm2) f'Avet (N/mm2) Load (N) MOR (N/mm2) MORAve (N/mm2) Load (N) fc (N/mm2) fAvec (N/mm2) Load (N) fcu (N/mm2) fAvecu (N/mm2) 
H111-C40 230200 3.15 
3.20 
22600 6.78 
6.33 
688600 37.7 
36.0 
554400 55.4 
54.9  221700 3.04 20170 6.05 696700 38.1 559900 55.9 
 247500 3.39 20550 6.17 586100 32.1 533600 53.3 
H112-C50 167200 2.29 
2.45 
18800 5.64 
5.17 
746500 40.9 
39.7 
496600 49.6 
50.8  179700 2.46 18060 5.42 705300 38.6 510700 51.0 
 189300 2.59 14840 4.45 499000 27.3 517100 51.7 
H113-C60 212000 2.91 
3.18 
12840 3.85 
4.19 
655400 35.9 
32.5 
592500 59.2 
58.7  250400 3.43 14390 4.32 549500 30.1 593000 59.3 
 233000 3.19 14620 4.39 575900 31.5 576700 57.6 
H114-C70 238500 3.27 
3.30 
17080 5.12 
5.01 
643900 35.3 
34.3 
519000 51.9 
55.2  194200 2.66 17050 5.12 671000 36.7 556200 55.6 
 243600 3.34 15960 4.79 561900 30.8 580900 58.0 
H115-C80 269300 3.69 
3.57 
24000 7.20 
6.69 
770000 42.2 
44.1 
664200 66.4 
67.4  224100 3.07 22400 6.72 902200 49.4 683200 68.3 
 288100 3.95 20500 6.15 744900 40.8 676300 67.6 
H116-C90 250200 3.43 
3.56 
20830 6.25 
6.18 
707900 38.8 
42.0 
614900 61.4 
65.5  274300 3.76 20460 6.14 857900 47.0 672200 67.2 
 254100 3.48 20500 6.15 737300 40.4 679800 67.9 
H117-C100 231500 3.17 
3.27 
16840 5.05 
4.54 
535500 29.3 
35.2 
646900 64.6 
66.6  242500 3.32 14090 4.23 640400 35.1 672200 67.2 
 241100 3.30 14500 4.35 754900 41.3 679800 67.9 
H118-C110 250900 3.44 
3.40 
20320 6.10 
6.14 
948400 51.9 
50.9 
712200 71.2 
72.9  254700 3.49 20350 6.11 795900 43.6 755900 75.5 
 237700 3.26 20700 6.21 1046000 57.3 721700 72.1 
H119-C20 173100 2.37 
2.50 
14290 4.29 
4.16 
411200 22.5 
22.9 
256100 25.6 
26.2  177800 2.44 13820 4.15 347100 19.0 269300 26.9 
 196900 2.70 13440 4.03 424600 23.2 262300 26.2 
H120-C30 188800 2.59 
3.00 
15220 4.57 
4.72 
442900 24.2 
29.0 
356800 35.6 
37.1  228300 3.13 15640 4.69 565800 31.0 383900 38.3 
 238500 3.27 16300 4.89 581900 31.9 372500 37.2 
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Batch Load (N) f't (N/mm2) f'Avet (N/mm2) Load (N) MOR (N/mm2) MORAve (N/mm2) Load (N) fc (N/mm2) fAvec (N/mm2) Load (N) fcu (N/mm2) fAvecu (N/mm2) 
H121-C40 317800 4.36 
4.23 
20700 6.21 
6.23 
933500 51.1 
51.1 
598100 59.8 
63.6  297800 4.08 19710 5.91 723300 39.6 656400 65.6 
 311200 4.27 21900 6.57 684600 37.5 654800 65.4 
H122-C50 287700 3.94 
4.48 
22100 6.63 
6.42 
877500 48.1 
51.0 
673000 67.3 
67.4  338300 4.64 21500 6.45 956000 52.4 681900 68.1 
 354600 4.86 20630 6.19 958000 52.5 668100 66.8 
H123-C60 301900 4.14 
4.34 
25100 7.53 
7.40 
971000 53.2 
62.6 
732800 73.2 
73.4  322900 4.43 24800 7.44 1180000 64.6 724000 72.4 
 324900 4.45 24100 7.23 1107000 60.6 745400 74.5 
H124-C70 355000 4.87 
5.01 
27700 8.31 
8.19 
965000 52.9 
64.4 
848200 84.8 
81.7  353300 4.84 26900 8.07 1187000 65.0 807500 80.7 
 387400 5.31 22000 6.60 1164000 63.8 796500 79.6 
H125-C80 386700 5.30 
5.22 
29500 8.85 
8.73 
1206000 66.1 
64.2 
777000 77.7 
80.6  374000 5.13 27900 8.37 1120000 61.4 793500 79.3 
 382400 5.24 29900 8.97 1188000 65.1 847800 84.7 
H126-C90 361100 4.95 
5.20 
29000 8.70 
8.48 
1101000 60.3 
67.9 
848300 84.8 
86.4  362200 4.96 27600 8.28 1332000 73.0 867500 86.7 
 416000 5.70 28200 8.46 1285000 70.4 877800 87.7 
H127-C100 322400 4.42 
5.38 
32500 9.75 
9.50 
1058000 58.0 
68.8 
867600 86.7 
87.6  428100 5.87 30200 9.06 1239000 67.9 872100 87.2 
 427100 5.85 32300 9.69 1271000 69.6 890700 89.0 
H128-C110 440000 6.03 
5.52 
31900 9.57 
9.80 
1185000 64.9 
68.7 
851700 85.1 
87.3  408900 5.60 35100 10.53 1177000 64.5 869000 86.9 
 360500 4.94 31000 9.30 1402000 76.8 900800 90.0 
H129-C110 301200 4.13 
4.30 
21800 6.54 
6.75 
821000 45.0 
52.9 
591900 59.1 
65.8  333100 4.57 23200 6.96 1004000 55.0 681100 68.1 
 306000 4.19 22500 6.75 1075000 58.9 703300 70.3 
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Batch Load (N) f't (N/mm2) f'Avet (N/mm2) Load (N) MOR (N/mm2) MORAve (N/mm2) Load (N) fc (N/mm2) fAvec (N/mm2) Load (N) fcu (N/mm2) fAvecu (N/mm2) 
H130-C17 604900 8.29 
7.84 
43500 13.05 
13.02 
1584000 86.8 
71.7 
1275000 127.5 
132.7  558000 7.65 44800 13.44 1252000 68.6 1339000 133.9 
 552500 7.57 41900 12.57 1089000 59.7 1369000 136.9 
H131-C18 625400 8.57 
7.87 
37600 11.28 
11.54 
1361000 74.6 
84.4 
1073000 107.3 
120.9  594300 8.14 41500 12.45 1488000 81.5 1210000 121.0 
 503000 6.89 36300 10.89 1774000 97.2 1345000 134.5 
H132-C19 600700 8.23 
7.66 
39700 11.91 
12.46 
1336000 73.2 
77.8 
1285000 128.5 
127.9  517500 7.09 42800 12.84 1504000 82.4 1268000 126.8 
 558500 7.65 42100 12.63 1466000 80.3 1286000 128.6 
H133-C20 557200 7.64 
7.86 
41900 12.57 
12.25 
1578000 86.5 
90.1 
1208000 120.8 
121.7  593200 8.13 40700 12.21 1681000 92.1 1242000 124.2 
 572500 7.85 39900 11.97 1672000 91.6 1203000 120.3 
H134-C21 440400 6.04 
6.30 
34100 10.23 
10.45 
1193000 65.4 
69.7 
1031000 103.1 
106.3  505200 6.92 36500 10.95 1483000 81.3 1058000 105.8 
 434400 5.95 33900 10.17 1139000 62.4 1100000 110.0 
H135-C22 376300 5.16 
5.69 
28800 8.64 
8.77 
1424000 78.0 
79.5 
1049000 104.9 
105.4  469900 6.44 29600 8.88 1491000 81.7 1060000 106.0 
 400100 5.48 29300 8.79 1436000 78.7 1054000 105.4 
H136-C23 535300 7.34 
7.24 
35100 10.53 
10.21 
1294000 70.9 
74.0 
1020000 102.0 
102.9  528500 7.24 33600 10.08 1407000 77.1 1033000 103.3 
 520900 7.14 33400 10.02 1352000 74.1 1036000 103.6 
H137-C24 498000 6.83 
6.10 
28200 8.46 
8.75 
1320000 72.3 
66.3 
807300 80.7 
85.8  403400 5.53 29900 8.97 1159000 63.5 899300 89.9 
 432800 5.93 29400 8.82 1154000 63.2 869800 86.9 
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5.4.3 Self compacting concrete (SCC) with fly ash 
44 batches of SCC were tested to obtain values of cylinder splitting, MOR, cylinder 
compression, and cube compression. For each series, the name of the batch is in 
the form of TMx-y, where TMx and y represent the number and type of the mix and 
age for every individual series respectively. From Table 5.9, the variation in the 
tensile strength (f/t) and the compressive strength (fc) among the various batches can 
be easily observed. The splitting tensile strength ranged from 1.43 MPa (TM6-3 days 
mix) to 4.21 MPa (TM7-91 days mix) while the compressive strength ranged from 
12.57 MPa (TM6-3 days mix) to 50.30 MPa (TM7-91 days mix). Each value reported 
is the average of three tests and the standard deviations (S.D.) of cylinder splitting 
strength, flexural strength, cylinder compressive strength and cube compressive 
strength were 0.78, 0.78, 10.58 and 16.23 with averages (Mean) 2.88, 4.16, 28.23 
and 43.28 respectively. The full set of results and calculations are presented in Table 
5.9. 
According to Table 5.10, the TM1-3 days mix and TM8-3 days mix had a higher 
average cylinder splitting tensile strength (f/t) compared to 7 and 14 days, possibly 
due to over mixing causing a loss of moisture resulting in higher strength. 
Theoretically, the higher age of curing should result in higher strength, but the 
average cylinder splitting tensile strength (f/t) for trial mixes TM3-14 days mix was 
lower than that of 7 days. One possible reason for high strength could be better 
compacting and this is supported by the observation that the negligible amount of 
segregation that was visible after the crushing testing of the 7 days specimens.  
In addition, the TM7-28 days mix decreased in strength from the 14 days cured 
batch as well as the TM3, TM8-91 days mix decreased in strength from the 28 days 
cured batch. This is probably due to difficulties in predicting the chemical reactions 
between the different constituent materials. The variation of cylinder splitting strength 
with age of curing is presented in Table 5.10. As it is clear, SCC with fly ash tends to 
gain a higher earlier strength due to addition of admixtures like fly ash, which 
matches the results found in the literature by Durta (2003).  
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Table 5.10: Cylinder splitting strength (f/t) variation with age of curing for SCC 
Trial 
Mixes 
3 days 7 days 14 days 28 days 91 days 
f/t (MPa) 
TM1 2.64 1.88 2.37 3.79 3.85 
TM2 1.73 2.00 2.25 2.94 3.52 
TM3 1.57 3.14 2.83 4.11 3.68 
TM4 2.04 2.22 2.31 2.82 3.38 
TM5 2.24 2.79 3.25 3.59 3.62 
TM6 1.43 2.94 3.32 3.77 3.80 
TM7 1.88 1.81 3.98 3.55 4.21 
TM8 2.48 1.96 2.34 3.34 3.19 
Similar to the cylinder splitting tensile strength results, the strength has increased 
from an average of 12.5 MPa (TM6) at 3 days to an average of 44.8 MPa (TM7) at 
91 days. As is clear from Table 5.11 and Figure 5.12 except from TM3 and TM6, in 
general, there is not a significant difference in terms of average compressive 
strength between 3 days and 7 days strength. Similarly, except from TM7, the 
difference in strength between 7 and 14 days age is also small. Only Trial mix TM2, 
TM4, TM5 and TM6 shows the expected strength development with age. A possible 
reason for this could be its higher moisture lost and effect of admixtures which 
matches what mentioned earlier in Chapter 4. In the early ages, fly ash reacts slowly 
with calcium hydroxide liberated during the hydration of cement and does not 
contribute significantly to the densification of the concrete matrix at early ages. The 
strength differential between fly ash concrete specimens and plain concrete 
specimens becomes more distinct after 28 days (Material Datasheet, CEMEX UK 
Cement Ltd). The variation of cylinder compressive strength with age is shown in 
Table 5.11 and Figure 5.12.  
Table 5.11: Cylinder compression strength (fc) variation with age of curing for SCC 
Trial 
Mixes 
3 days 7 days 14 days 28 days 91 days 
fc (MPa) 
TM1 24.0 17.9 22.6 41.0 42.8 
TM2 13.4 18.8 19.3 22.9 38.1 
TM3 13.7 29.3 27.0 38.4 38.2 
TM4 15.5 19.5 21.2 24.4 37.0 
TM5 21.9 24.5 30.7 36.2 40.7 
TM6 12.5 25.4 30.9 39.5 38.6 
TM7 17.5 14.8 33.6 35.6 44.8 
TM8 21.5 21.7 14.9 28.0 30.9 
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Figure 5.12: Cylinder compressive strength versus curing times for SCC with fly ash 
The average results for the MOR are shown in the Table 5.12. Again, the 3 days 
strength of TM1 are higher than its 7 days and 14 days strength. As with other test 
results, trial mix TM4 and TM6 showed consistency in the strength development with 
the strength increasing from 3.19 MPa at 3 days to 5.10 MPa at 91 days and from 
2.57 MPa at 3 days to 4.99 MPa at 91 days respectively. 
Table 5.12: MOR variation with age of curing for SCC  
Trial 
Mixes 
3 days 7 days 14 days 28 days 91 days 
MOR (MPa) 
TM1 3.98 3.45 3.63 4.86 4.34 
TM2 2.97 3.67 3.54 4.30 4.36 
TM3 2.79 4.25 3.90 4.65 4.52 
TM4 3.19 3.39 3.86 4.58 5.10 
TM5 3.22 4.22 4.50 5.34 4.49 
TM6 2.57 4.14 4.66 4.94 4.99 
TM7 2.66 3.28 5.11 4.31 5.16 
TM8 2.90 4.15 3.61 4.80 5.72 
Figures 5.13 and 5.14 present the relationship between the MOR and cylinder 
splitting strength together with the associated cube/cylinder compression strength. 
Many researchers mentioned that the cylinder splitting test is less variable than the 
MOR. From the experimental results for SCC with fly ash, the above statement 
appears to be true and is demonstrated by the Figures 5.13 and 5.14 in the case of 
SCC with fly ash. Again, it is clear that the MOR is much higher than the values for 
the cylinder splitting test. 
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Figure 5.13: Average cylinder splitting strength (f/t) and MOR v/s cylinder compressive strength (fc) for 
SCC with fly ash 
 
Figure 5.14:  Average cylinder splitting strength (f/t) and MOR v/s cube compressive strength (fcu) for 
SCC with fly ash 
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Table 5.9: Results obtained from the experimental investigation and computation of strength for SCC with fly ash tested at 3, 7, 14, 28 and 91 days 
Batch Load (N) f't (N/mm2) f'Avet (N/mm2) Load (N) MOR (N/mm2) MORAve (N/mm2) Load (N) fc (N/mm2) fAvec (N/mm2) Load (N) fcu (N/mm2) fAvecu (N/mm2) 
TM1 - 3D 171200 2.35 
2.64 
12890 3.87 
3.98 
424500 23.2 
24.0 
271900 27.1 
25.6  197900 2.71 13690 4.11 452200 24.7 253300 25.3 
 209400 2.87 13260 3.98 436600 23.9 242800 24.2 
TM6 - 3D 106500 1.46 
1.43 
8280 2.48 
2.57 
226400 12.4 
12.5 
189100 18.9 
20.4  100400 1.38 8520 2.56 241400 13.2 210200 21.0 
 105500 1.45 8850 2.66 220100 12.0 213200 21.3 
TM4 - 3D 148300 2.03 
2.04 
11010 3.30 
3.19 
290800 15.9 
16.2 
272000 27.2 
27.8  147300 2.02 10570 3.17 298500 16.3 282000 28.2 
 150500 2.06 10310 3.09 298900 16.3 279900 27.9 
TM3 - 3D 108900 1.49 
1.57 
9580 2.87 
2.79 
239000 13.1 
13.7 
195900 19.5 
20.0  119800 1.64 9810 2.94 245600 13.4 206100 20.6 
 115500 1.58 8470 2.54 267300 14.6 198600 19.8 
TM5 - 3D 158700 2.17 
2.24 
10340 3.10 
3.22 
395000 21.6 
21.9 
278600 27.8 
27.3  141900 1.94 10860 3.26 397400 21.7 269000 26.9 
 190000 2.60 10950 3.29 408700 22.4 273100 27.3 
TM8 - 3D 190200 2.61 
2.48 
8800 2.64 
2.90 
393200 21.5 
21.5 
217700 21.7 
21.6  171500 2.35 10380 3.11 395700 21.6 219300 21.9 
 180400 2.47 9770 2.93 392700 21.5 211600 21.1 
TM7 - 3D 130100 1.78 
1.88 
8260 2.48 
2.66 
341800 18.7 
17.5 
199100 19.9 
19.5  162700 2.23 10080 3.02 302600 16.5 191500 19.1 
 119200 1.63 8270 2.48 317600 17.4 195200 19.5 
TM2 - 3D 125100 1.71 
1.73 
11080 3.32 
2.97 
226400 12.4 
13.4 
169100 16.9 
18.9  130100 1.78 9240 2.77 255400 14.0 198300 19.8 
 123000 1.69 9380 2.81 256000 14.0 201800 20.1 
TM6 - 7D 214400 2.94 
2.94 
13020 3.91 
4.14 
494000 27.0 
25.4 
403600 40.3 
41.8  221200 3.03 14520 4.36 431200 23.6 434300 43.4 
 207100 2.84 13900 4.17 469300 25.7 417800 41.7 
TM1 - 7D 122300 1.68 
1.88 
10400 3.12 
3.45 
296500 16.2 
17.9 
335100 33.5 
33.5  152500 2.09 10400 3.12 313700 17.2 335700 33.5 
 135900 1.86 13690 4.11 373300 20.4 335900 33.5 
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Batch Load (N) f't (N/mm2) f'Avet (N/mm2) Load (N) MOR (N/mm2) MORAve (N/mm2) Load (N) fc (N/mm2) fAvec (N/mm2) Load (N) fcu (N/mm2) fAvecu (N/mm2) 
TM4 - 7D 176600 2.42 
2.22 
11240 3.37 
3.39 
415100 22.7 
17.9 
328100 32.8 
32.5  152500 2.09 11640 3.49 341900 18.7 321100 32.1 
 157500 2.16 11060 3.32 311700 17.0 328000 32.8 
TM2 - 7D 120400 1.65 
2.00 
11330 3.40 
3.67 
354000 19.4 
18.8 
332100 33.2 
33.2  146700 2.01 12890 3.87 330100 18.1 338700 33.8 
 171500 2.35 12520 3.76 344800 18.9 325900 32.5 
TM3 - 7D 211200 2.89 
3.14 
13970 4.19 
4.25 
583100 31.9 
29.3 
364000 36.4 
35.5  228400 3.13 15520 4.66 530400 29.0 338300 33.8 
 247300 3.39 13000 3.90 491600 26.9 363000 36.3 
TM5 - 7D 196000 2.69 
2.79 
13590 4.08 
4.22 
438400 24.0  
 
24.5 
336900 33.6 
32.5  210600 2.89 14050 4.22 416300 22.8 311700 31.1 
 205100 2.81 14520 4.36 490900 26.9 326600 32.6 
TM7 - 7D 128800 1.77 
1.81 
11460 3.44 
3.28 
250800 13.7 
14.8 
225400 22.5 
24.1  131500 1.80 10100 3.03 264200 14.4 257200 25.7 
 135500 1.86 11260 3.38 297800 16.3 241400 24.1 
TM8 - 7 D 141900 1.94 
1.96 
13720 4.12 
4.15 
410800 22.5 
21.7 
353600 35.3 
35.8  132900 1.82 12000 3.60 386800 21.2 395100 39.5 
 154300 2.11 15800 4.74 394900 21.6 325900 32.5 
TM6 - 14D 234000 3.21 
3.32 
15420 4.63 
4.66 
550300 30.1 
30.9 
433100 43.3 
43.5  248200 3.40 14470 4.34 597000 32.7 439600 43.9 
 244200 3.35 16730 5.02 544900 29.8 433200 43.3 
TM1 - 14D 156400 2.14 
2.37 
11890 3.57 
3.63 
425400 23.3 
22.6 
319600 31.9 
33.3  190300 2.61 12180 3.65 394000 21.6 333800 33.3 
 171600 2.35 12190 3.66 419400 22.9 347300 34.7 
TM4 - 14D 173400 2.38 
2.31 
12420 3.73 
3.86 
395300 21.6 
21.2 
374500 37.4 
37.3  160100 2.19 14040 4.21 404500 22.1 359600 35.9 
 172100 2.36 12180 3.65 363300 19.9 387600 38.7 
TM2 - 14D 162900 2.23 
2.25 
11854 3.56 
3.54 
332200 18.2 
19.3 
298600 29.8 
30.6  158400 2.17 11805 3.54 370400 20.3 308500 30.8 
 171500 2.35 11703 3.51 358100 19.6 313200 31.3 
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Batch Load (N) f't (N/mm2) f'Avet (N/mm2) Load (N) MOR (N/mm2) MORAve (N/mm2) Load (N) fc (N/mm2) fAvec (N/mm2) Load (N) fcu (N/mm2) fAvecu (N/mm2) 
TM3 - 14D 225200 3.09 
2.83 
13070 3.92 
3.90 
508500 27.8 
27.0 
373800 37.3 
36.5  198000 2.71 13620 4.09 414100 22.7 360000 36.0 
 195900 2.68 12320 3.70 556500 30.5 363200 36.3 
TM7 - 14D 285500 3.91 
3.98 
16060 4.82 
5.11 
651700 35.7 
35.4 
510700 51.0 
51.1  291500 4.00 16950 5.09 605500 33.1 512000 51.2 
 295300 4.05 18040 5.41 682600 37.4 510700 51.0 
TM8 - 14D 133400 1.83 
1.84 
12430 3.73 
3.61 
272100 14.9 
14.9 
486000 48.6 
46.2  136400 1.87 11780 3.53 270700 14.8 507900 50.7 
 132000 1.81 11920 3.58 273000 14.9 392900 39.2 
TM5 - 14D 230000 3.15 
3.25 
15320 4.60 
4.50 
551300 30.2 
30.7 
430100 43.0 
43.0  240200 3.29 14370 4.31 590000 32.3 430600 43.0 
 240200 3.29 15330 4.60 540900 29.6 430200 43.0 
TM1 - 28D 269300 3.69 
3.79 
16270 4.88 
4.86 
755300 41.4 
41.0 
380100 38.0 
41.8  293600 4.02 16930 5.08 723000 39.6 363600 36.3 
 265900 3.64 15440 4.63 767100 42.0 510400 51.0 
TM5 - 28D 270900 3.71 
3.59 
18260 5.48 
5.34 
688700 37.7 
36.2 
550700 55.0 
56.3  257700 3.53 18360 5.51 639700 35.0 535800 53.5 
 256900 3.52 16780 5.03 652800 35.7 604000 60.4 
TM6 - 28D 293300 4.02 
3.77 
16490 4.95 
4.94 
752200 41.2 
39.5 
521600 52.1 
55.2  301100 4.13 15250 4.58 741300 40.6 565500 56.5 
 230700 3.16 17680 5.30 669800 36.7 570200 57.0 
TM4 - 28D 211000 2.89 
2.82 
13910 4.17 
4.58 
487300 26.7 
24.4 
375000 37.5 
41.8  208600 2.86 15480 4.64 449900 24.6 425900 42.5 
 197800 2.71 16380 4.91 400000 21.9 453700 45.3 
TM8 - 28D 234600 3.22 
3.34 
16360 4.91 
4.80 
521400 28.5 
28.0 
486000 48.6 
46.9  256900 3.52 16300 4.89 502100 27.5 462900 46.2 
 240600 3.30 15350 4.61 390300 21.4 458300 45.8 
TM2 - 28D 229800 3.15 
2.94 
14770 4.43 
4.30 
432600 23.7 
23.8 
387200 38.7 
 
38.5  213000 2.92 14040 4.21 423400 23.2 381800 38.1 
 200300 2.75 14200 4.26 447100 24.5 387600 38.7 
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Batch Load (N) f't (N/mm2)  f'Avet (N/mm2) Load (N) MOR (N/mm2) MORAve (N/mm2) Load (N)  fc (N/mm2) fAvec (N/mm2) Load (N) fcu (N/mm2) fAvecu (N/mm2) 
TM7 - 28D 260800 3.57 
3.55 
14520 4.36 
4.31 
643700 35.2 
35.6 
472300 47.2 
45.7   229300 3.14 14120 4.24 676900 37.1 451700 45.1 
  287600 3.94 14430 4.33 631400 34.6 449700 44.9 
TM3 - 28D 276300 3.79 
4.11 
15760 4.73 
4.65 
616200 33.7 
38.4 
550300 55.0 
52.3   313500 4.30 14630 4.39 769400 42.1 482600 48.2 
  308900 4.23 16090 4.83 717200 39.3 538700 53.8 
TM8 - 91D 269100 3.69 
3.19 
18560 5.57 
5.72 
531700 29.1 
30.9 
476700 47.6 
57.6   197400 2.71 19260 5.78 502400 27.5 613500 61.3 
  231100 3.17 19330 5.80 659200 36.1 637900 63.7 
TM8 - 91D 217300 2.98 
2.97 
13390 4.02 
4.19 
621000 34.0 
35.1 
410300 41.0 
42.8   232200 3.18 14220 4.27 649000 35.5 449700 44.9 
  200200 2.74 14320 4.30 650900 35.6 424800 42.4 
TM7 - 91D 286300 3.92 
3.85 
18070 5.42 
5.16 
906700 49.7 
50.3 
829600 82.9 
79.1   322400 4.42 15480 4.64 928400 50.9 826000 82.6 
  233700 3.20 18080 5.42 917400 50.2 717900 71.7 
TM6 - 91D 282500 3.87 
3.80 
18480 5.54 
4.99 
776000 42.5 
38.6 
590600 59.0 
60.9   278300 3.81 15540 4.66 665300 36.4 625600 62.5 
  270900 3.71 15920 4.78 673000 36.8 610800 61.0 
TM5 - 91D 297500 4.08 
3.62 
14520 4.36 
4.49 
749800 41.1 
40.7 
504900 50.4 
50.5   241800 3.31 15160 4.55 768200 42.1 501200 50.1 
  253700 3.48 15200 4.56 712900 39.0 509900 50.9 
TM4 - 91D 209600 2.87 
3.38 
17580 5.27 
5.10 
715900 39.2 
37.0 
560100 56.0 
57.7   262900 3.60 16930 5.08 632400 34.6 569400 56.9 
  268300 3.68 16490 4.95 679500 37.2 604300 60.4 
TM3 - 91D 272800 3.74 
3.68 
14950 4.49 
4.52 
804200 44.0 
38.2 
565100 56.5 
58.6   296500 4.06 14490 4.35 625200 34.2 570500 57.0 
  236000 3.23 15770 4.73 661000 36.2 623800 62.3 
TM2 - 91D 270300 3.70 
3.52 
14680 4.40 
4.36 
636500 34.8 
38.1 
566700 56.6 
56.8   240000 3.29 14860 4.46 647800 35.5 533900 53.3 
  259600 3.56 14030 4.21 801400 43.9 604600 60.4 
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Batch Load (N) f't (N/mm2)  f'Avet (N/mm2) Load (N) MOR (N/mm2) MORAve (N/mm2) Load (N)  fc (N/mm2) fAvec (N/mm2) Load (N) fcu (N/mm2) fAvecu (N/mm2) 
TM1 - 91D 308100 4.22 
3.85 
13340 4.00 
4.34 
943600 51.7 
42.8 
617400 61.7 
59.5  285200 3.91 13790 4.14 643700 35.2 552600 55.2 
 249800 3.42 16280 4.88 757300 41.5 616600 61.6 
TM7 - 91D 276300 3.79 
4.21 
17070 5.12 
5.16 
806700 44.2 
44.8 
729600 72.9 
72.4  372400 5.10 17480 5.24 828400 45.4 726000 72.6 
 273700 3.75 17080 5.12 817400 44.8 717900 71.7 
TM1 - 91D 226300 3.10 
2.98 
15070 4.52 
4.57 
876700 48.0 
48.1 
809600 80.9 
77.4  212400 2.91 15580 4.67 888400 48.7 806000 80.6 
 213700 2.93 15080 4.52 867400 47.5 707900 70.7 
TM7 - 91D 216300 2.96 
3.07 
16070 4.82 
4.87 
855000 46.8 
46.6 
799600 79.9 
79.4  232400 3.19 16580 4.97 849400 46.5 796000 79.6 
 223700 3.07 16080 4.82 848400 46.5 787900 78.7 
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5.4.4 Self compacting concrete (SCC) with GGBS 
47 mixes of SCC with GGBS were tested to obtain values of cylinder splitting, 
cylinder compression strength, cube compression strength and MOR. For each 
series, the name of the batch is in the form of Mx-y, where Mx and y represents the 
number and type of the mix and age for each individual series respectively. From 
Table 5.13, the variation in the tensile strength (f/t) and the compressive strength (fc) 
among the various batches can be observed. The splitting tensile strength ranged 
from 2.48 MPa (M14-3 days mix) to 5.61 MPa (M5-7 days mix) while the 
compressive strength ranged from 24.6 MPa (M14-3 days mix) to 92.4 MPa (M5-14 
days mix). Each value reported is the average of three tests and the standard 
deviations (S.D.) of the cylinder splitting strength, MOR, cylinder compressive 
strength and cube compressive strength were 0.62, 1.36, 14.88 and 19.52 with 
averages (Means) 4.33, 6.66, 54.91 and 78.59 respectively. Mix12-14D had 
developed a crack during demoulding which resulted in a complete rupture of the 
sample before the water curing could take place. As a result only two samples were 
tested for the MOR for this batch. 
It is generally expected that the compressive strength would increase with longer 
curing times. According to Table 5.14 and Figure 5.15, the 28 day strength of M2, 
M5, M7, M9 and M11 is lower than the 14 day, and the 7 day strength of M4, M6 and 
M8 is comparatively lower than its 3 day. These anomalous results could be due to 
the variability of concrete as it is very difficult to mix perfect concrete every time, so 
small anomalies sometimes occur. The effect of these anomalies on my final 
correction factors is minimal. Correction factors are independent of changing in 
strength development, because the formulas of correction factors are based on 
specific compressive strength (fc) not on rate of fc changing.   
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Figure 5.15: Cylinder compressive strength versus curing times of SCC with GGBS 
It was also thought that the mix with the most Portland cement would have the 
greatest compressive strength and the mix with the most GGBS the least. It was 
observed that, among all the 3 day specimens, the compressive strength of M10 and 
M11 were the lowest (i.e. 28.52 MPa and 24.68 MPa) where the replacement of 
Portland cement with GGBS was the highest (i.e.30.78 and 29.46). Conversely, 
among all the 3 day specimens, the compressive strength of M1 was the highest (i.e. 
58.96 MPa) where the replacement of Portland cement with GGBS was the lowest 
(i.e. 32.82Kg), which was expected. Additionally, mixes M1 and M2 (7, 14 and 28 
days) showed high compressive strength as the cement quantities were high (i.e. 
32.82Kg and 31.68Kg).  
Table 5.14: Cylinder compression strength (fc) variation with age of curing for SCC with GGBS 
Trial 
Mixes 
3 days 7 days 14 days 28 days
fc (MPa) 
M1 58.9 68.7 71.2 82.3 
M2 49.6 75.2 92.4 90.0 
M3 41.1 49.4 49.8 50.3 
M4 48.4 44.9 66.1 71.6 
M5 52.5 64.9 63.3 56.2 
M6 45.7 43.2 42.4 73.1 
M7 40.1 51.1 68.4 63.4 
M8 49.7 47.0 66.4 72.6 
M9 38.5 64.0 62.4 50.2 
M10 28.5 39.4 41.9 53.8 
M11 24.6 46.3 53.8 50.6 
M12 37.8 38.0 39.5 55.3 
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Table 5.15 and Figure 5.16 show the cylinder splitting strength for all mixes. It is 
anticipated that the cylinder splitting strength of concrete might follow the same 
trends as the compressive strength. This however, does not seem to be the case. As 
shown in the results, there seems to be a limit to the tensile strength of concrete as 
most results fall between 4 and 6 N/mm2 (Table 5.15). Also, combined with the fact 
that it is very difficult to repeatedly mix completely homogenous concrete, means 
that any small differences, that would have a small effect on the tensile strength, 
make it almost impossible to identify trends. 
 
Figure 16: Cylinder splitting strength versus curing for SCC with GGBS 
Table 5.15: Cylinder splitting variation with age of curing for SCC with GGBS 
Trial 
Mixes 
3 days 7 days 14 days 28 days 
f/t (MPa) 
M1 5.20 4.52 4.42 4.23 
M2 4.62 5.61 4.60 4.12 
M3 3.73 3.90 4.72 4.65 
M4 4.13 3.67 4.38 5.45 
M5 3.98 4.35 5.00 4.16 
M6 3.63 4.17 4.20 5.19 
M7 3.97 4.32 5.31 5.13 
M8 4.16 4.15 5.03 5.39 
M9 3.94 4.64 4.80 4.31 
M10 3.00 4.14 4.28 4.16 
M11 2.48 4.16 4.45 4.32 
M12 3.74 3.27 4.01 4.13 
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Table 5.16 shows the MOR for all samples. It is clear that many of these results are 
much higher than the cylinder splitting strengths shown in Table 5.15. In addition, It 
was observed that, among all the 3 day specimens, the MOR of M10 and M11 were 
the lowest (i.e. 4.21 MPa and 3.77 MPa), where the replacement of Portland cement 
with GGBS was the highest (i.e. 30.78 kg and 29.46 kg).  
Table 5.16: The MOR variation with age of curing for SCC with GGBS 
Trial 
Mixes 
3 days 7 days 14 days 28 days
MOR (MPa) 
M1 7.00 7.25 9.96 7.10 
M2 5.87 7.87 8.18 8.68 
M3 5.36 7.86 7.75 6.17 
M4 5.76 5.66 9.59 8.25 
M5 5.82 7.78 6.69 5.34 
M6 4.90 7.33 8.12 8.07 
M7 5.39 7.72 8.69 6.88 
M8 5.29 5.74 7.09 7.55 
M9 5.09 6.67 7.56 6.38 
M10 4.21 6.71 7.08 5.85 
M11 3.77 5.86 6.53 5.72 
M12 4.49 5.47 5.85 5.96 
The MOR and cylinder splitting strength (f/t) are plotted against cylinder/cube 
compressive strength (fc or fcu) in Figures 5.17 and 5.18 and shows that in all 
batches the MOR was significantly higher than the cylinder splitting strength. 
Previous investigations (Ramakrishnan et al., 1967, Mindess and Young, 1981) have 
shown that the MOR is greater than the cylindrical splitting strength. From the 
experimental results, the above statement appears to be true and is demonstrated in 
the case of SCC with GGBS by in Figures 5.17 and 5.18.  
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Figure 5.17:  Average cylinder splitting strength (f/t) and MOR v/s cylinder compressive strength (fc) for 
SCC with GGBS 
 
Figure 5.18:  Average cylinder splitting strength (f/t) and MOR v/s cube compressive strength (fcu) for 
SCC with GGBS 
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Table 5.13: Results obtained from the experimental investigation and computation of strength for SCC with GGBS tested at 3, 7, 14 and 28 days 
Batch Load (N) f't (N/mm2)  f'Avet (N/mm2) Load (N) MOR (N/mm2) MORAve (N/mm2) Load (N)   fc (N/mm2) fAvec (N/mm2) Load (N) fcu (N/mm2) fAvecu (N/mm2) 
M1 - 3D 388100 5.32 
5.20 
22400 6.72 
7.00 
1041000 57.0 
58.9 
820400 82.0 
82.1   370400 5.08 25200 7.56 1110000 60.8 814000 81.4 
  379700 5.20 22400 6.72 776700 42.5 829000 82.9 
M4 - 3D 297400 4.08 
4.13 
18760 5.63 
5.76 
906000 49.6 
48.4 
619900 61.9 
62.1   304200 4.17 19860 5.96 878000 48.1 625000 62.5 
  303400 4.16 18980 5.69 865900 47.4 619700 61.9 
M2 - 3D 322900 4.43 
4.62 
19410 5.82 
5.87 
993000 54.4 
49.6 
797100 79.7 
80.2   356100 4.88 20390 6.12 732800 40.1 826100 82.6 
  333000 4.56 18850 5.66 991000 54.3 783300 78.3 
M3 - 3D 283700 3.89 
3.73 
18320 5.50 
5.36 
736800 40.3 
41.1 
621300 62.1 
64.7   274500 3.76 18020 5.41 691300 37.9 624300 62.4 
  257700 3.53 17240 5.17 823900 45.1 698100 69.8 
M5 - 3D 306100 4.20 
3.98 
19300 5.79 
5.82 
947100 51.9 
52.5 
695900 69.5 
68.1   304600 4.17 19120 5.74 909300 49.8 672200 67.2 
  259500 3.56 19800 5.94 1018000 55.8 675600 67.5 
M7 - 3D 273600 3.75 
3.97 
18700 5.61 
5.39 
807600 44.2 
40.1 
560900 56.0 
56.9   280000 3.84 16130 4.84 725200 39.7 582400 58.2 
  316000 4.33 19020 5.71 664300 36.4 566400 56.6 
M8 - 3D 318500 4.37 
4.16 
17260 5.18 
5.29 
884200 48.4 
49.7 
598500 59.8 
59.4   303000 4.15 17860 5.36 952000 52.1 570200 57.0 
  288800 3.96 17750 5.33 888100 48.6 615500 61.5 
M10 - 3D 240000 3.29 
3.00 
15180 4.55 
4.21 
516000 28.2 
28.5 
350800 35.0 
36.9   239000 3.28 13320 4.00 537700 29.4 378300 37.8 
  177000 2.43 13620 4.09 507200 27.8 378400 37.8 
M6 - 3D 315000 4.32 
3.63 
17040 5.11 
4.90 
854500 46.8 
45.7 
547700 54.7 
55.8   243100 3.33 15970 4.79 772200 42.3 555300 55.5 
  236300 3.24 15940 4.78 875100 47.9 571700 57.1 
M9 - 3D 269900 3.70 
3.94 
17760 5.33 
5.09 
599500 32.8 
38.5 
578900 57.8 
60.7   297300 4.07 17010 5.10 817600 44.8 620200 62.0 
  296200 4.06 16160 4.85 692800 37.9 622700 62.2 
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Batch Load (N) f't (N/mm2)  f'Avet (N/mm2) Load (N) MOR (N/mm2) MORAve (N/mm2) Load (N)   fc (N/mm2) fAvec (N/mm2) Load (N) fcu (N/mm2) fAvecu (N/mm2) 
M11 - 3D 177700 2.44 
2.48 
12080 3.62 
3.77 
450100 24.6 
24.6 
342000 34.2 
35.2   182900 2.51 12220 3.67 450200 24.6 350500 35.0 
  181700 2.49 13390 4.02 450300 24.6 365600 36.5 
M12 - 3D 278100 3.81 
3.74 
14740 4.42 
4.49 
683100 37.4 
37.8 
460700 46.0 
46.0   284900 3.90 14960 4.49 687900 37.7 458600 45.8 
  256600 3.52 15150 4.55 698500 38.2 463100 46.3 
M11 - 7D 302100 4.14 
4.16 
20350 6.11 
5.86 
850900 46.6 
46.3 
645400 64.5 
68.4   303900 4.16 19050 5.72 929600 50.9 699300 69.9 
  304200 4.17 19240 5.77 754600 41.3 707200 70.7 
M1 - 7D 341700 4.68 
4.52 
25000 7.50 
7.25 
1148000 62.9 
68.7 
942900 94.2 
93.7   320000 4.39 24700 7.41 1422000 77.9 920400 92.0 
  327900 4.49 22800 6.84 1193000 65.4 949500 94.9 
M2 - 7D 415700 5.70 
5.61 
26200 7.86 
7.87 
1432000 78.5 
75.2 
1036000 103.6 
101.4   402400 5.51 25200 7.56 1273000 69.7 969000 96.9 
  410600 5.63 27300 8.19 1413000 77.4 1038000 103.8 
M5 - 7D 313400 4.30 
4.35 
25700 7.71 
7.78 
1232000 67.5 
64.9 
580800 58.0 
80.9   335600 4.60 28700 8.61 987000 54.1 925000 92.5 
  302600 4.15 23400 7.02 1337000 73.2 923000 92.3 
M8 - 7D 317800 4.36 
4.15 
19430 5.83 
5.74 
855900 46.9 
47.0 
639100 63.9 
66.7   278600 3.82 19440 5.83 786600 43.1 672100 67.2 
  311200 4.27 18560 5.57 933600 51.1 689900 68.9 
M4 - 7D 253000 3.47 
3.67 
19050 5.72 
5.66 
764800 41.9 
44.9 
639500 63.9 
63.3   269900 3.70 18100 5.43 859900 47.1 625800 62.5 
  280200 3.84 19430 5.83 836200 45.8 634400 63.4 
M9 - 7D 358100 4.91 
4.64 
21600 6.48 
6.67 
1222000 66.9 
64.0 
715900 71.5 
81.3   324400 4.45 23000 6.90 1218000 66.7 835400 83.5 
  333600 4.57 22100 6.63 1066000 58.4 889600 88.9 
M12 - 7D 237100 3.25 
3.27 
18370 5.51 
5.47 
568900 31.1 
38.0 
457500 45.7 
48.2   240800 3.30 17140 5.14 760600 41.7 494200 49.4 
  236900 3.25 19160 5.75 750800 41.1 495800 49.5 
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Batch Load (N) f't (N/mm2)  f'Avet (N/mm2) Load (N) MOR (N/mm2) MORAve (N/mm2) Load (N)   fc (N/mm2) fAvec (N/mm2) Load (N) fcu (N/mm2) fAvecu (N/mm2) 
M7 - 7D 318300 4.36 
4.32 
25600 7.68 
7.72 
854400 46.8 
51.1 
801100 80.1 
81.4   305000 4.18 24800 7.44 1162000 63.7 825300 82.5 
  322700 4.42 26800 8.04 782700 42.9 817200 81.7 
M3 - 7D 275500 3.78 
3.90 
25700 7.71 
7.86 
827100 45.3 
49.4 
768800 76.8 
89.5   288100 3.95 25800 7.74 928700 50.9 1008000 100.8 
  289500 3.97 27100 8.13 949300 52.0 909100 90.9 
M6 - 7D 303500 4.16 
4.17 
23700 7.11 
7.33 
621700 34.0 
43.2 
885800 88.5 
91.1   303900 4.16 25500 7.65 746300 40.9 925400 92.5 
  305800 4.19 24100 7.23 1000200 54.8 922900 92.2 
M10 - 7D 306100 4.20 
4.14 
21800 6.54 
6.71 
792700 43.4 
39.4 
565400 56.5 
55.0   300600 4.12 24300 7.29 752600 41.2 558800 55.8 
  300400 4.12 21000 6.30 615200 33.7 527800 52.7 
M1 - 14D 322500 4.42 
4.42 
36700 11.01 
9.96 
983000 53.8 
71.2 
1087000 108.7 
107.8   319700 4.38 28860 8.66 1492000 81.7 1087000 108.7 
  325600 4.46 34000 10.20 1426000 78.1 1061000 106.1 
M4 - 14D 321200 4.40 
4.38 
33500 10.05 
9.59 
1305000 71.5 
66.1 
787400 78.7 
80.8   313500 4.30 31500 9.45 1156000 63.3 817100 81.7 
  323400 4.43 30900 9.27 1160000 63.5 820000 82.0 
M2 - 14D 370800 5.08 
4.60 
27900 8.37 
8.18 
1684000 92.3 
92.4 
997000 99.7 
95.7   321300 4.40 26000 7.80 1753000 96.1 1026000 102.6 
  314200 4.31 27900 8.37 1623000 88.9 848500 84.8 
M5 - 14D 395200 5.42 
5.00 
23200 6.96 
6.69 
1053000 57.7 
63.3 
960000 96.0 
95.8   322700 4.42 21600 6.48 1088000 59.6 928000 92.8 
  375500 5.15 22100 6.63 1325000 72.6 987000 98.7 
M8 - 14D 377100 5.17 
5.03 
22800 6.84 
7.09 
1273000 69.7 
66.4 
913700 91.3 
91.3   360400 4.94 24000 7.20 1186000 65.0 912500 91.2 
  364400 4.99 24100 7.23 1175000 64.4 913200 91.3 
M11 - 14D 324000 4.44 
4.45 
23800 7.14 
6.53 
928500 50.9 
53.8 
576500 57.6 
69.7   329500 4.52 20510 6.15 978000 53.6 757000 75.7 
  320400 4.39 21000 6.30 1041000 57.0 759800 75.9 
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Batch Load (N) f't (N/mm2)  f'Avet (N/mm2) Load (N) MOR (N/mm2) MORAve (N/mm2) Load (N)   fc (N/mm2) fAvec (N/mm2) Load (N) fcu (N/mm2) fAvecu (N/mm2) 
M12 - 14D 292900 4.01 
4.01 
18370 5.51 
5.85 
655200 35.9 
39.5 
598600 59.8 
60.1   293400 4.02 20600 6.18 818300 44.8 601100 60.1 
  291000 3.99 0 0.00 690100 37.8 603800 60.3 
M9 - 14D 365200 5.01 
4.80 
25600 7.68 
7.56 
1157000 63.4 
62.4 
916800 91.6 
91.6   369800 5.07 23700 7.11 1188000 65.1 921700 92.1 
  316300 4.33 26300 7.89 1073000 58.8 911200 91.1 
M6 - 14D 307600 4.22 
4.20 
26300 7.89 
8.12 
1030000 56.4 
42.4 
869000 86.9 
90.5   302600 4.15 26000 7.80 703400 38.5 915500 91.5 
  310000 4.25 28900 8.67 588700 32.2 932800 93.2 
M10 - 14D 313200 4.29 
4.28 
23500 7.05 
7.08 
807600 44.2 
41.9 
610900 61.0 
60.6   314200 4.31 24900 7.47 747700 40.9 632400 63.2 
  310000 4.25 22400 6.72 740100 40.5 574600 57.4 
M7 - 14D 403400 5.53 
5.31 
29400 8.82 
8.69 
1276000 69.9 
68.4 
894600 89.4 
86.5   360500 4.94 25700 7.71 1227000 67.2 869500 86.9 
  397900 5.45 31800 9.54 1241000 68.0 833200 83.3 
M3 - 14D 246000 3.37 
4.72 
26500 7.95 
7.75 
810500 44.4 
49.8 
932700 93.2 
90.9   395000 5.41 26200 7.86 713300 39.1 890900 89.0 
  392700 5.38 24800 7.44 1149000 62.9 906000 90.6 
M3 - 28D 361000 4.95 
4.65 
21800 6.54 
6.17 
781400 42.8 
50.3 
917600 91.7 
91.0   330000 4.52 18400 5.52 921700 50.5 927100 92.7 
  327700 4.49 21500 6.45 913600 50.0 887300 88.7 
M1 - 28D 313400 4.30 
4.23 
22400 6.72 
7.10 
1521000 83.3 
82.3 
1014000 101.4 
98.2   303000 4.15 24200 7.26 1485000 81.4 946100 94.6 
  309900 4.25 24400 7.32 1107000 60.6 987000 98.7 
M5 - 28D 265700 3.64 
4.16 
18480 5.54 
5.34 
988000 54.1 
56.2 
735900 73.5 
75.4   334500 4.58 17400 5.22 1063000 58.2 761700 76.1 
  311100 4.26 17480 5.24 884400 48.4 766900 76.6 
M4 - 28D 393800 5.40 
5.45 
29500 8.85 
8.25 
1183000 64.8 
71.6 
850900 85.0 
92.4   389600 5.34 25300 7.59 1280000 70.1 977000 97.7 
  410200 5.62 27700 8.31 1458000 79.9 946900 94.6 
151 
 
Batch Load (N) f't (N/mm2)  f'Avet (N/mm2) Load (N) MOR (N/mm2) MORAve (N/mm2) Load (N)   fc (N/mm2) fAvec (N/mm2) Load (N) fcu (N/mm2) fAvecu (N/mm2) 
M6 - 28D 381400 5.23 
5.19 
27300 8.19 
8.07 
1227000 67.2 
73.1 
1064000 106.4 
106.4   386700 5.30 27900 8.37 1242000 68.0 1072000 107.2 
  368500 5.05 25500 7.65 1535000 84.1 1058000 105.8 
M8 - 28D 397000 5.44 
5.39 
25400 7.62 
7.55 
1280000 70.1 
72.6 
1049000 104.9 
105.6   342500 4.69 24600 7.38 1179000 64.6 1076000 107.6 
  439700 6.03 25500 7.65 1516000 83.1 1043000 104.3 
M9 - 28D 316300 4.33 
4.31 
22900 6.87 
6.38 
865600 47.4 
50.2 
943300 94.3 
95.5   315000 4.32 19500 5.85 1075000 58.9 975000 97.5 
  312000 4.28 21400 6.42 808100 44.3 949400 94.9 
M7 - 28D 376500 5.16 
5.13 
21900 6.57 
6.88 
1223000 67.0 
63.4 
1033000 103.3 
99.6   375900 5.15 24200 7.26 1130000 61.9 952400 95.2 
  370900 5.08 22700 6.81 1119000 61.3 1004000 100.4 
M11 - 28D 312600 4.28 
4.32 
18810 5.64 
5.72 
910000 49.8 
50.6 
1068000 106.8 
109.3   379700 5.20 19340 5.80 918000 50.3 1110000 111.0 
  317400 4.35 19090 5.73 944000 51.7 1102000 110.2 
M10 - 28D 304000 4.17 
4.16 
21300 6.39 
5.85 
898000 49.2 
53.8 
592700 59.2 
64.0   306400 4.20 21100 6.33 1072000 58.7 784400 78.4 
  300700 4.12 16110 4.83 974000 53.3 545200 54.5 
M12 - 28D 302400 4.14 
4.13 
19760 5.93 
5.96 
974000 53.3 
55.3 
700900 70.0 
73.4   300800 4.12 19200 5.76 1032000 56.5 733700 73.3 
  300300 4.12 20600 6.18 1021000 55.9 767400 76.7 
M2 - 28D 300600 4.12 
4.12 
30200 9.06 
8.68 
1662000 91.1 
90.0 
1064000 106.4 
109.1   300500 4.12 28300 8.49 1647000 90.2 1102000 110.2 
  300200 4.11 28300 8.49 1619000 88.7 1108000 110.8 
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5.5 Comparison of cylinder splitting strength (f/t) and the MOR 
The Coefficient of Variation (CV) is a statistical parameter which is applied to 
measure the dispersion of data points in a data series around the mean values. It 
can be calculated (Equation 5.2): 
Mean ︵
S. D.︶Devi ati onSandardCV                    (5.2) 
The CV expresses the ratio of the standard deviation (S.D.) to the mean, and it 
is a useful statistical factor for comparing the level of variation of a data series. 
Low values of CV have a direct relation with S.D. and means that the variation of 
the data points is small. Ramesh and Chopra (1960) concluded that the CV is 
high for MOR tests, whereas for cylinder splitting tests the CV is fairly low. The 
present research has shown that for NSC and HSC the CV is highest for the 
MOR tests and for cylinder splitting tests the CV is lower (Table 5.17). For SCC 
with GGBS, there is a same pattern, CV is highest for the MOR tests and for 
cylinder splitting tests the CV is lower (Table 5.17).However, results obtained in 
this study show that this is not the case for SCC with fly ash, where the average 
CV for the MOR is much lower (0.19) than that obtained from the cylinder 
splitting test (0.27). 
Table 5.17: Standard deviation (S.D.) and the coefficient of variation (CV) for all data set 
Mix 
Average cylinder splitting strength 
(N/mm2) 
Average MOR 
(N/mm2) 
Mean S.D. CV Mean S.D. CV 
NSC 3.71 0.54 0.15 5.77 0.99 0.17 
HSC 4.56 1.26 0.28 7.03 2.04 0.29 
SCC with GGBS 4.33 0.62 0.14 6.66 1.36 0.20 
SCC with Fly Ash 2.88 0.78 0.27 4.16 0.78 0.19 
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5.6 Summary  
The fresh concrete workability tests have confirmed that all the SCC mixes can 
be classed as SCC as every mix meets all the EFNARC (2002) criteria by 
passing at least three of the four tests. Every mix had the correct flowability, 
filling ability, passing ability and viscosity, which confirms the SCC requirements.  
For all types of concrete (NSC, HSC and SCC), the MOR and cylinder splitting 
strengths (f/t) were plotted against the cylinder/cube compressive strengths (fc or 
fcu) and the results compared and contrasted. As mentioned in Chapter 2, many 
researchers stated that the MOR was greater than the cylinder splitting strength 
for a given concrete. The present experimental results confirm that this argument 
appears to be true and is demonstrated by the data in Figures 5.9, 5.10, 5.11b, 
5.11c, 5.13, 5.14, 5.17 and 5.18 for NSC, HSC and SCC with fly ash and GGBS. 
This research has shown that for NSC, HSC and SCC with GGBS the Coefficient 
of Variation (CV) is highest in the case of the MOR tests and in the case of the 
cylinder splitting tests the CV is lower (Table 5.17). However, results obtained in 
this study show that this is not the case for SCC with fly ash. Although the MOR 
gives higher mean values than the cylinder splitting strength, the average CV for 
the MOR is lower than that obtained from the cylinder splitting test. 
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Chapter 6: Analysis of tensile strength results 
6.1 Introduction 
This chapter focuses on the determination of the true uniaxial tensile strength of 
NSC, HSC and SCC (either with fly ash or slag). In order to determine the true 
uniaxial tensile strength through the cylinder splitting and modulus of rupture 
(MOR) tests, the practical applicability of the proposed correction factors from Lin 
and Raoof (1999) and Senussi (2004) were investigated by applying the 
collected experimental database, which includes both original laboratory test data 
obtained as part of this investigation (Chapter 5) and extensive test data 
presented as part of the literature review (Chapter 3). The variables considered 
include size of specimens, rates of loading, type and size of aggregates, type of 
fillers, type of admixtures, code of practice and age at testing, thus showing the 
general practicality and applicability of the proposed correction factors as part of 
the present investigation.  
As stated in the literature (Mindess and Young, 1981, Neville, 1977), the MOR 
results overestimate the true uniaxial tensile strength of concrete while the 
traditional cylinder splitting test results invariably underestimate the true uniaxial 
tensile strength of concrete. The following sections demonstrate the accuracy of 
both these individual methods together with any potential limitations. It should be 
noted that these proposed correction factors are only applicable for concretes 
with cylinder compressive strengths in the range 12.57 MPa to 93.82 MPa. 
6.2 Background to the theoretical correction factor of Lin and Raoof (1999) 
The important features of Lin and Raoof (1999) methods for calculating proposed 
correction factors regarding the cylinder splitting test have been explained 
previously in Chapter 2. Lin et al. (1997) applied the approach developed by 
Ottosen (1979) in which the tangent elastic modulus for uniaxial compression 
was generalised regarding the plain-strain case. Lin et al. (1997) described more 
about the non-linear finite strip computer program. The non-linear isoperimetric 
finite strip computer program was applied by Lin et al. (1997) in order to conduct 
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a parametric investigation of the traditional cylinder splitting test, knowing that the 
cylinder splitting strength (f/t) is always lower than the true uniaxial tensile 
strength of concrete (ft). The simple correction factor proposed by Lin and Raoof 
(1999) is based on data from the non-linear isoparametric finite strip model (Lin 
et al., 1997) and theoretical parametric studies. Lin and Raoof (1999) indicated 
that the current equation used to calculate the cylinder splitting tensile strength 
(f/t =
πl d2P
) is incorrectly based on the assumption of plane-stress conditions 
and is derived by means of the linear theory of elasticity. Lin and Raoof (1999)’s 
investigation has outlined that the cylinder actually experiences a plain-strain 
state of stresses instead of plane-stress and that failure occurs under 
combinations of tension and compression (i.e. biaxial stress state), suggesting 
that concrete tensile strength decreases under this biaxial stress state. From the 
finite strip analysis, it was found that when a cylinder splitting test was modelled, 
failure of the cylinder was always reached before the tensile stress reached the 
prescribed tensile strength of the concrete. By analysing different ratios of ft/fc 
(0.08 to 0.14) along with different values of cylinder compressive strength (20 
N/mm2 to 50 N/mm2), it was observed that the ratio of ft/f/t remained reasonably 
constant for each ratio of ft/fc. It was possible to determine that the ratio of ft/f/t is 
very nearly a sole function of the ratio ft/fc. An example of this relationship is 
shown in Figure 6.1. 
 
Figure 6.1: Variation of ft/fc against ft/f/t, (Lin and Raoof, 1999) 
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This relationship was studied for a number of different packing strip widths, from 
12 mm to 15 mm on a 150 mm diameter cylinder. A relationship, similar to that 
shown in Figure 6.1, was found for each packing strip width. The equation of the 
straight line for each relationship takes the form of Equation 6.1 where different 
values for ‘a’ and ‘b’ apply depending on the width of packing strip. The ‘a’ and ‘b’ 
are constant values proposed by Lin and Raoof (1999). 
 (6.1) 
 
For a given cylinder with a diameter of 150 mm and a fixed packing strip width, if 
the cylinder splitting strength (f/t) and cylinder compressive strength (fc) are 
known then the true tensile strength (ft) can be calculated. Equation 6.2 can be 
rearranged to ft = k×f/t to give ‘k’ in Equation 6.2.  
                                                                                                  (6.2) 
 
where, ‘k’ is the correction factor which is applied to traditional cylinder splitting 
strength (f/t) in order to obtain the true uniaxial tensile strength (ft). The different 
constant values for ‘a’ and ‘b’ are shown by Lin and Raoof (1999) but after further 
examination by Lin and Raoof (1999), it was observed that these values of ‘k’ 
differ by a maximum margin of only 6%. Therefore, Lin and Raoof (1999) stated 
that the values for a 15 mm packing strip may be applied to all cases with 
sufficient accuracy considering the scatter usually associated with concrete 
results (i.e. the variability of concrete). The proposed values for these constants 
‘a’ and ‘b’ are 5.9316 and 0.5647 respectively. Table 6.1 shows values of ‘a’ and 
‘b’ for various widths of packing strip.  
Table 6.1: Constant values of ‘a’ and ‘b’ for various widths of packing strip (Lin and Raoof, 1999) 
Packing strip 
width (mm) 12 13 14 15 
a 7.0566 6.6969 6.3010 5.9316 
b 0.4937 0.5148 0.5398 0.5647 



  bcf
tfa'tf
tf
cf
'tfa1
bk


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6.3 Initial modification of results 
Failure loads (P) from the cube and cylinder compressive strength tests were 
used to calculate the concrete compressive strength via Equations 6.3 and 6.4 
respectively: 
 Cube compressive strength (fcu): 
                       (6.3) 
 
 Cylinder compressive strength (fc): 
                      (6.4) 
 
where, 
fc is the cylinder compressive strength (N/mm2) 
fcu is the cube compressive strength (N/mm2) 
P is the load (force) at the fracture point (N) 
a and b are sides of the cube (mm) 
d is the diameter of the cylinder (mm) 
Failure loads (P) for the flexural tests and cylinders splitting tests were used to 
determine the MOR and cylinder splitting strength: 
 Modulus of rupture (MOR):                   
                       
2bd
PLMOR
                     (6.5) 
where, 
MOR is the modulus of rupture (N/mm2) 
P is the load (force) at the fracture point (N) 
L is the length of the support span (i.e. effective length) (mm) 
b and d are breadth and depth respectively (mm) 
 
 
ab
Pcuf 
4
2dπ
Pcf 
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 Cylinder splitting strength (f/t): 
                           
πLd
2P
tf 
                         (6.6) 
f/t is the cylinder splitting strength (N/mm2) 
P is the load (force) at the fracture point (N) 
L is the length of the cylinder (mm) 
d is the diameter of the cylinder (mm) 
6.4 Limitations of the correction factor (k) proposed by Lin and Raoof 
(1999) 
As explained in Section 6.2, Lin and Raoof (1999)’s finite strip method was used 
to model the concretes with cylinder compressive strengths (fc) ranging from 20 
MPa to 50 MPa (i.e. within the range for NSC and contrary to HSC). Lin and 
Raoof (1999) stated that this is the range within which the proposed correction 
factor (k) is applicable.  
Lin and Raoof (1999) showed that the correction factor, k = ft/f/t, changed linearly 
as a function of ft/fc. Lin and Raoof (1999)’s investigation showed that for values 
of ft/fc in the range 0.8 to 0.14, the correction factor, k, changed from 1.07 to 1.40. 
Hence, it can be concluded that on the basis of Lin’s (1997) investigation the 
range of variations of correction factor, k, depends greatly on the range of ft/fc. It 
is also possible to consider that the theoretical lower limit of ‘k’ is 1.00, since the 
true uniaxial tensile strength of concrete should always be relatively higher than 
it's corresponding traditional cylinder splitting strength. For Equation 6.1, a value 
of k=1, will give a value of ft/fc which is equal to 0.073, which can be taken as 
theoretical lower bound limit. Lin and Raoof (1999) have not examined the effect 
of different material types and characteristics on the magnitude of correction 
factor (k). It seems that the type of aggregate will influence the values of ’k’.  
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6.5 Comparing the theoretical uniaxial tensile strength (ft) with f/t and the 
MOR 
Figure 6.2, using the test data generated in this investigation, compares the 
theoretical uniaxial tensile strength (ft) with the MOR for all the data in this 
investigation. The uniaxial tensile strength (ft) was calculated using the correction 
factor proposed by Lin and Raoof (1999) with associated measured MOR.  
As was expected Figure 6.2 shows that, the theoretical uniaxial tensile strength 
(ft) is generally lower than the MOR. It is obvious that a large number of data 
points (i.e. including NSC, HSC and SCC with fly ash and slag) are scattered 
below the theoretical 45 degree line (the diagonal line in Figure 6.2). It can be 
concluded from Figure 6.3 that the relationship between the uniaxial tensile 
strength (ft) and the MOR can approximated by a straight line which is defined by 
Equation 6.7. 
y = 0.79 × MOR                    (6.7) 
Equation 6.7 represents reasonable results in terms of showing the relationship 
between the true uniaxial tensile strength (ft) and the MOR as it is in harmony 
with the general agreement between other researchers (Carrasquillo, 1994, Zain 
et al., 2002).  
The uniaxial tensile strength (ft) was calculated by applying the correction factor 
proposed by Lin and Raoof (1999) with associated measured (i.e. 
experimentally) the cylinder splitting strength (f/t). Figure 6.4 show, the theoretical 
uniaxial tensile strength (ft) is generally higher than the cylinder splitting strength 
(f/t). The large number of the data points (i.e. including NSC, HSC and SCC with 
fly ash and slag) are scattered above the theoretical 45 degree line (the diagonal 
line in Figure 6.4). According to the line of best fit drown through all the test data 
in Figure 6.5, It can be concluded that the relationship between the true uniaxial 
tensile strength (ft) and traditional cylinder splitting tensile strength (f/t) can be 
approximated by a straight line which is defined by Equation 6.8. 
y = 1.22 × f/t                      (6.8) 
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According to Equation 6.8, the uniaxial tensile strength (ft) is generally larger than 
the traditional cylinder splitting strength (f/t) by 22% and this is in accordance with 
the general consensus amongst researchers (Mindess et al., 2002).  
 
Figure 6.2: Theoretical uniaxial tensile strength (ft), based on the Lin and Raoof (1999)’s 
correction factor, versus measured values of MOR including 45° line (black continuous line) 
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Figure 6.3: The relationship between theoretical uniaxial tensile strength (ft), based on the Lin and 
Raoof (1999)’s correction factor, and measured values of MOR 
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Figure 6.4: Theoretical uniaxial tensile strength (ft), based on the Lin and Raoof (1999)’s 
correction factor, versus measured values of traditional cylinder splitting tensile strength (f/t) 
including 45° line (black continuous line) 
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Figure 6.5: Relationship between theoretical uniaxial tensile strength (ft), based on the Lin and 
Raoof (1999)’s correction factor, and measured values of traditional cylinder splitting tensile 
strength (f/t) 
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6.6 Correlation between MOR/fc and MOR/f/t 
According to Equation 6.1, it is not possible to confirm clearly the deductions of 
the theoretical investigation of Lin and Raoof (1999) through the experimental 
data, as there are only two out of three strength parameters in Equation 6.1 
which can be experimentally obtained. If Equation 6.1 is manipulated by 
substituting the MOR for the true uniaxial tensile strength (ft), the modified 
equation will be in the form of Equation 6.9.  
 (6.9) 
After a linear regression analysis conducted by Senussi (2004) upon all his test 
data, it was confirmed that the relationship between the ratios MOR/fc and 
MOR/f/t (Equation 6.9) followed a similar straight trend line to that described by 
Lin and Raoof (1999) for the ratios ft/fc and ft/f/t (Equation 6.1). For this research, 
the relationship between the ratios (i.e. MOR/fc and MOR/f/t) will be investigated 
once again by plotting the ratios MOR/fc (on the y axis) versus MOR/f/t (on the x 
axis) for all the test data (i.e. NSC, HSC and SCC with fly ash and slag). As the 
number of data has been increased compared with Senussi’s investigation, the 
accuracies of Senussi’s confirmation will be examined once again by utilising the 
experimental test data generated as part of Senussi’s research, the present 
research, as well as the extensive test data reported by other investigators. 
Figure 6.6 shows the relationship between the ratios MOR/fc and MOR/f/t, for all 
the data generated from the present research, together with the results from 
Senussi’s research including the line of best fit through all the test data. The 
distribution of all the data for NSC, HSC and SCC (fly ash and slag) indicate the 
similar linear tendency, despite a few data points having a slightly higher 
variation. However, there is an obvious distinction in terms of the given values for 
gradient (a/) and intercept (b/) of the fitted line (Figure 6.6).  



  b
cf
MORa'
tf
MOR
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Figure 6.6: MOR/fc versus MOR/f/t for all the test data from the present study and Senussi’s 
investigation (2004): (a) The composite plot for all test data, (b) The composite plot for all test 
data with the line of best fit through all NSC, HSC and SCC with slag and fly ash 
In Figure 6.6, values of the gradient and intercept of the line of best fit (through 
all data) are a/= 3.717 and b/=1.0383 respectively. The new empirically achieved 
constant values of ‘a/’ and ‘b/’ for fitted line in Figure 6.6 differ from the ‘a’= 
5.9316 and ‘b’= 0.5647 obtained by Lin and Raoof (1999) using the nonlinear 
finite strip analysis (Section 6.2). The modified equation can be expressed as 
follows with new constant values (Equation6.10): 
 (6.10) 
 
where, a/ and b/ are the new constant vales. By substituting a/ and b/ into 
Equation 6.10, the modified factor ‘k1’ is achieved, the new modified factor ‘k1’ is 
connected to the cylinder splitting strength (f/t) and the MOR where MOR= k1×f/t , 
so the new factor, ‘k1’, can be in the form of Equation 6.11: 
 
               (6.11) 
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Senussi (2004) stated that the values of the gradient a/ and intercept b/ for the 
best fitted lines to data relating to different test series (a total of 11 series with 
different types of aggregates), can change quite significantly, depending on the 
specific types of aggregate and testing conditions. It has been demonstrated by 
Senussi (2004) that the values of a/ and b/ for the individual fitted line associated 
with each test series is different from each other and it is probably due to  the 
different types of aggregates and different rate of loading of testing associated 
with different test series. The scatter in Figure 6.6 (composite data from 
Senussi’s work and the present study) confirms that the values of gradient and 
intercept (a/ and b/) of the line of best fit can alter significantly by utilising different 
types and size of aggregates, materials and testing and casting conditions.  
6.7 The influence of silica fume on MOR/fc and MOR/f/t 
Senussi (2004) investigated 49 batches of HSC (incorporating 10% silica fume 
cement replacement). He observed that the silica fume has a significant effect on 
the ratio of MOR/fc. The ratio of MOR/fc decreased as the cylinder compressive 
strength of concrete increased. Figure 6.7 shows the MOR/fc versus MOR/f/t with 
all of Senussi’s HSC data for those mixes which contained 10% silica fume. 
 
Figure 6.7: Relationship between MOR/fc and MOR/f/t for HSC (Senussi series 5, 14 days) 
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The MOR/fc ratio ranged from 0.12 to 0.16 while the corresponding cylinder 
compressive strength for the same mixes of HSC ranged from 37.95 MPa to 
93.82 MPa. So even though there was quite a broad range of cylinder 
compressive strength, the MOR/fc ratio range was quite small. Because of the 
lack of any clear relationship between MOR/fc and MOR/f/t from Senussi (2004) 
investigation, the present study included a much larger number (137 batches) of 
silica fume HSC mixes. Figure 6.8 shows the MOR/fc versus MOR/f/t for all HSC 
mixes of the present study including the fitted straight line.  
 
Figure 6.8: Relationship between MOR/fc and MOR/f/t for all HSC data from present study 
For the present data the range MOR/fc ranged from 0.09 to 0.22 with the 
corresponding cylinder compressive strength (fc) for the same mixes of HSC 
ranged from 16.15 MPa to 93.81 MPa. This was a much wider range than that 
obtained in Senussi’s work. For the present data the line of best fit has been 
drawn for all data as there is distribution alongside the MOR/fc ratio (Figure 6.8). 
It is concluded that by increasing the number of data points and expanding the 
range of compressive strength, a clear relationship between MOR/fc and MOR/f/t 
is obtained for HSC (contained 10% silica fume). However, it is still feasible that 
behaviour (in the sense of the tensile strength) of the HSC might be different 
compared to the NSC.  
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6.8 Application of the published data 
A large amount of experimental data on NSC and HSC has been previously 
published by Senussi (2004). The present investigation has significantly 
expanded the database for NSC and HSC and has included the effect of blended 
cements by casting 91 batches of SCC with fly ash and slag. Data from other 
authors has also been included (Table 3.1 and 3.2). 38 papers (Chapter 3) have 
reported both flexural and cylinder splitting strengths with associated cylinder 
and/or cube crushing strengths. In Tables 3.1 and 3.2, the shortlisted papers 
have been organised in the form of numerical classifications in order to make it 
easy to follow. When compared to the test data produced in the present 
investigation and Senussi’s investigation, the published data (literature data) has 
covered important parameters such as the testing conditions (i.e. loading rate 
and loading arrangements), the age at testing (especially for those ages which 
could not covered in the present study and the Senussi research (2004)). It 
should be noted that all data from literature are for either NSC or HSC. 
 
Figure 6.9: Variation of MOR/fc versus MOR/f/t for all test data from the present study, Senussi’s 
(2004) and other literature including lines of best fit for NSC, HSC and SCC with slag and fly ash 
and literature data 
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As it was shown previously in Figure 6.6, values of the gradient and intercept of 
the line of best fit (through all data generated by the present study) are a/= 3.717 
and b/=1.0383 respectively. These constant values (i.e. a/= 3.717 and b/=1.0383) 
are not representative of all the test data generated from the present data and 
also different sources which cover broad ranges of ratios of MOR/fc and MOR/f/t. 
Examination of Figure 6.9 shows that the constant values obtained for a/ and b/ 
proposed with the present investigation for all the data (i.e. generated by present 
experiments, Senussi’s work, and literature) are a/= 5.4582 and b/= 0.7724 with 
correlation factor for fitted line R2=0.40 (i.e. approximately 63% of the test data 
correlate to the fitted line). 
942 individual test data of NSC, HSC and SCC (fly ash and slag) covering very 
broad ranges of 0.46 < MOR/f/t < 2.76 and 0.03 < MOR/fc < 0.24 with a wide 
range of corresponding compressive strength ranging from 12.57 MPa to 93.82 
MPa were plotted in Figure 6.9. This data included a wide range of mixes and 
materials (i.e. NSC, HSC and SCC), different sizes and types of aggregates (i.e. 
varied from river gravel 8mm to Scottish red granite 20 mm), various types of 
cement (i.e. Portland cement, Multicem cement), testing at various ages (i.e. 
from 3 to 365 days), different rates of loading, different codes of practice for both 
testing and casting (i.e. British code, ACI, Japanese code, Korean code) as well 
as utilising different admixtures and fillers (i.e. high range water reducing, air 
entraining, silica fume, fly ash and slag). Hence having a scatter around the fitted 
lines is to be expected, considering mind that each of these parameters can have 
a remarkable effect on the test data.    
For comparison in Figure 6.9, Senussi’s fitted line has been drawn through the 
data. Even though, the number of test data and variation of the materials are 
much higher in the present investigation, the present fitted line and Senussi’s 
fitted line are quite similar to one another in terms of gradient and intercept 
(Figure 6.9).  In addition, for both fitted lines, approximately 60% (i.e. R2 ≈ 0.40-
0.44) of the test data correlates to the fitted line in an encouraging manner, 
therefore reinforces the observation that there is similarity between the proposed 
fitted lines.  
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6.9 Relationship between the uniaxial tensile strength (ft) and the MOR 
This section describes how the uniaxial tensile strength (ft) is related to the MOR 
when the results of Sections 6.2, 6.6 and 6.8 are combined. Lin and Raoof 
(1999) suggested the use of the correction factor (k) to be applied to the cylinder 
splitting strength (f/t). In terms of giving validity to the Lin and Raoof’s proposed 
formula (1999), Senussi (2004) proposed that a verification was needed with 
another test method used for calculating the tensile strength i.e. the MOR test. A 
similar analysis that was applied to the traditional cylinder splitting test was 
performed and correction factor (k1) for the MOR test was figured. By applying 
the correction factors (k and k1) to both cylinder splitting and the MOR specimens 
of the same batch of concrete (NSC, HSC and SCC), it is possible to verify the 
validity of the correction factors. From the application of the equations below to 
the testing results a cylinder splitting strength (f/t) , the MOR, and associated 
cylinder compressive strength (fc) were all determined. Equation 6.12 was 
applied to calculate the uniaxial tensile strength (ft) from the cylinder splitting 
strength (f/t) and the corresponding correction factor (k): 
 
             (6.12) 
The corresponding correction factor (k) is calculated via Equation 6.13: 
cf
tfa1.0
bk 
  
Where, for the present purpose, it was assumed that regardless of packing strip 
width, a= 5.9316, b= 0.5647 (Section 6.2), f/t (N/mm2) is the cylinder splitting 
strength and fc (N/mm2) is the cylinder compressive strength. 
Equation 6.14 presents the relationship between the MOR and the cylinder 
splitting strength (f/t). The correction factor, k1, is applied to show the 
relationship: 
                          tf1kMOR                         (6.14)      
ktftf 
(6.13) 
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The corresponding correction factor (k1) is calculated via Equation 6.15: 
cf
tfa1.0
b
1k 
  
where, a/= 4.8147, b/= 0.8408 (Section 6.8), f/t (N/mm2) is the cylinder splitting 
strength and fc (N/mm2) is the cylinder compressive strength. Values of ‘a’ and ‘b’ 
used in the present study are based on the theoretical study of Lin and Raoof 
(1999), while the values of ‘a/’ and ‘b/’ are based on the purely empirical study of 
the present study. 
Combining Equations 6.12 and 6.14, the ratio of the MOR to uniaxial tensile 
strength (ft) is given by:  
k
1k
tf
MOR   
By applying the measured values for f/t and fc, the theoretical values of ‘a’ and ‘b’ 
and the empirical values of ‘a/’ and ‘b/’ and also by using Equation 6.16, the ratio 
MOR/ft can be determined for each data set generated from this study. Senussi’s 
study and the test data from other sources mentioned in the literature (Chapter 
3). The obtained values of MOR/ft versus corresponding measured values for 
cylinder compressive strength (fc) have been plotted in Figure 6.10. 
 
Figure 6.10: MOR/fc versus cylinder compressive strength fc for all test data generated from the 
present investigation as well as test data from literature for NSC and HSC 
(6.15) 
(6.16) 
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It can be seem from Figure 6.10 that at most cylinder compressive strengths (fc), 
the MOR/ft ratio seems to be relatively constant however, at lower the cylinder 
compressive strengths (fc), the MOR/ft ratio also decreases. However, the MOR/ft 
ratio displays significant scatter in the data and this scatter increases with 
decreasing the cylinder compressive strength (fc).          
By considering only the NSC data in Figure 6.11a (all test data generated by 
present study, Senussi’s test data and literature), a logarithmic curve (continuous 
black line) can be fitted through all the results for NSC. However, the HSC test 
data alone in Figure 6.11b (all test data generated by present study, Senussi’s 
test data and literature) exhibits a slightly different pattern as compared to the 
NSC data. By considering the distribution of the HSC test data, it seems that a 
linear relationship (dashed black line) can be fitted through all the results for 
HSC, which differs from that related to results for NSC. 
 
 
(a) 
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(b) 
Figure 6.11: MOR/fc versus cylinder compressive strength fc including fitted lines, (a) for all test 
data generated from the present investigation as well as the test data from literature for NSC and 
HSC, (b) for all test data generated from the present investigation as well as the test data from 
literature only for HSC 
According to the equations of the best fitted lines drawn for all NSC and HSC test 
data in Figure 6.11a and b, the uniaxial tensile strength (ft) of the NSC and HSC 
can be expressed by Equations 6.17 and 6.18 respectively: 
Normal strength concrete (NSC): 
0.4318c0.2152lnf
MOR
tf                 R
2 = 0.51                                 (6.17) 
High strength concrete (HSC):  
1.1067c0.0022f
MOR
tf                    R
2 = 0.35                                 (6.18) 
It should be noted that in Figure 6.11a and b, due to the use of different sources 
of test data with different sizes and types of aggregates, various type of cement, 
testing at various ages, different rates of loading, different codes of practice for 
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both testing and casting as well as utilising different admixture and fillers, having 
some degree of scatter around the fitted lines is to be expected. As defined by 
Equation 6.17, the correlation factor for NSC curve is R2=0.51 (i.e. approximately 
71% of the test data correlate to the fitted line), this is while regarding to straight 
line defined by Equation 6.18 the correlation factor is R2=0.35 (approximately 
59% of the test data correlate to the fitted line).  
Unlike previous studies, the present study has included SCC mixes. As SCC may 
contain different admixtures and fillers (e.g. fly ash, slag, and limestone powder), 
hence the influence of blended cement concrete on relationship between the 
uniaxial tensile strength (ft) and the MOR can be considered. Figure 6.12 shows 
relationship between the uniaxial tensile strength (ft) and the MOR for all SCC 
data with fly ash and slag. 
Figure 6.12: MOR/fc versus cylinder compressive strength (fc) for all test data of SCC (fly ash and 
slag) from present study 
91 individual test data of SCC (fly ash and slag) covering very broad range of 
cylinder compressive strength from 12.57 MPa to 92.46 MPa were used to plot 
Figure 6.12. It is clear from Figure 6.12 that the distribution of the results 
obtained from this research for SCC (slag and fly ash) has a similar pattern to 
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NSC, but not that of HSC. It was decided to see whether the regression line fitted 
through all the normal strength concrete test data (continuous black line in Figure 
6.11a) could be applicable to the SCC with slag and fly ash. Figure 6.13 shows 
the obtained values of MOR/fc versus corresponding measured values for 
cylinder compressive strength (fc) for all test data of SCC (fly ash and slag) 
generated from the present study including the bested fitted line generated from 
trend line fitted through all NSC test data (i.e. present data set, Senussi test data 
and data from different sources). The potential reasons of having similar pattern 
between SCC and NSC will be disused later in the following sections. In addition, 
having different pattern for HSC as compared to NSC and SCC will be covered 
below as well.  
 
Figure 6.13: MOR/fc versus cylinder compressive strength (fc) for all test data of SCC (fly ash and 
slag) including best fitted line  
It is clear from Figure 6.13 that the regression line produced from NSC test data 
fits the results of SCC. There is quite well scatter around the fitted line. It seems 
that the regression line produced from NSC test data is likely applicable for SCC 
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test data as well. This also shows that the present proposed correction factors 
can be applicable in the case of concrete containing fillers such as slag and fly 
ash. Figure 6.14 shows the obtained values of MOR/fc versus corresponding 
measured values for cylinder compressive strength (fc) for all test data of NSC 
and SCC (fly ash and slag) generated from the present study including the 
bested fitted line of all NSC test data and applicable through all SCC test data 
with fly ash and slag. 
 
Figure 6.14: MOR/fc versus cylinder compressive strength fc including fitted lines for all test data 
generated from the present investigation as well as test data from literature for NSC and SCC  
Figure 6.14 shows the ratio of MOR/ fc versus cylinder compressive strength fc 
including the new fitted lines for all test data generated from the present 
investigation as well as test data from literature for NSC and SCC. The 
correlation factor for this set of data is R2= 0.53. The equation of the best fitted 
line is encouragingly similar to the proposed equation for NSC (that is Equation 
6.17). Hence, From Figure 6.14, it can be seen that the use of correction factors 
to determine the true tensile strength of concrete exhibits correlation with the 
NSC test data. According to the equation of the best fitted line drawn for all NSC 
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(that is, Equation 6.17), even though there is a slight difference between the 
proposed equation, but the uniaxial tensile strength (ft) of the SCC can also be 
expressed by the same Equation 6.17 reproduced below as NSC.  
0.4318c0.2152lnf
MOR
tf                 R
2 = 0.51                                 (6.17) 
The histograms of the results of the combination of SCC with NSC are shown in 
Figures 6.23. If the mean of ratio of fta and ftc is equal to or nearly equal to unity, 
then it can be concluded that the verified correction factors can be correctly 
applied to obtain the true uniaxial tensile strength of NSC and SCC.  
One reason for having similar patterns between SCC and NSC and different 
patterns for HSC compared to NSC and SCC could be due to failure 
mechanisms of the specimens.  As previously shown in Figure 6.11, NSC follows 
a slightly different correlation to HSC, with the ratio of MOR/ft increased more 
with respect to the cylinder compressive strength fc, along a non-linear 
relationship in comparison with the data points from HSC testing. The 
mechanisms for which HSC fails in tension appear to be different to that of NSC. 
As mentioned in Section 5.2, the majority of cube, cylinder (for splitting and 
compression) and beam failures were acceptable in accordance with BS EN 
12390-3:2002. For all NSC batches typically C50-C80, failure occurred due to 
crack propagation through aggregate cement paste transitions zone. This was 
clearly seen when samples (cubes, cylinders and beams) were observed with 
minimal aggregate splitting occurring. During testing, it was observed that the 
failure type (both tension and compression) of all NSC batches was not 
explosive. However, for all batches contain 10% silica fume, the failure type was 
explosive with more aggregate splitting during observation and also as the 
specified strength increased there was more explosive failure observed. Hence, it 
seems that the mechanisms for which silica fume concrete fails in tension and 
compression appear to be different to that of NSC, due to use of silica fume. 
Regarding SCC, the failure type (both tension and compression) of all batches 
either with fly ash or slag was quite similar to NSC. As stated, this change in 
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failure pattern (both tension and compression) could be due to high strength of 
cement paste (i.e. bond strength) of HSC as compared to the NSC and SCC. It is 
therefore now surprising to have two separate fitted lines for NSC and HSC as 
they have completely different failure mechanism. In addition, it is clear why the 
correlation of the SCC data points around the proposed fitted line for NSC 
(Figure 6.14), is significantly encouraging. This is due to similarity between the 
failure mechanism of NSC and SCC in both tension and compression.  
6.10 Consistency of the developed approaches 
There are two methods to obtain the true uniaxial tensile strength. The first 
theoretical method (called Method A) is based on applying Equations 6.12 and 
6.13 for calculating ft and then calculating ‘k’ respectively. The first method 
involves measuring cylinder splitting strength (f/t) and cylinder compressive 
strength (fc). The second empirical method (called Method B) is based on 
Equations 6.17 and 6.18 to calculate ft through measuring the MOR and cylinder 
compressive strength (fc) for NSC, SCC and HSC respectively. To estimate the 
consistency of each method’s (Method A and B) ability to predict the uniaxial 
tensile strength (ft), both methods should be compared. From Senussi (2004) 
expressions for the MOR and k1 were given previously in Equations 6.14 and 
6.15 respectively. By substituting for k1, a/=4.8147 and b/=0.8408 and 
rearranging the equation to obtain an expression in terms of f/t, Equation 6.20 
can be formulated. 
                                     
0.8408
cf
MOR4.8147
MOR/
tf 
                   (6.20) 
Equation 6.20 gives an expression for f/t as a function of the MOR and fc, thus 
enabling the correlation between f/t and the MOR to be studied. The following 
section refers to the uniaxial tensile strength (ft) calculated in various ways which 
are summarised below in Table 6.2. 
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Table 6.2: Notation of tensile strength 
Notation Represents Tensile Strength Calculated 
fta Senussi (2004): MOR and fc (Equations 6.17 and 6.18) 
ftb Lin and Raoof (1999): fc and calculated values of ft' (Equation 6.20) 
ftc Lin and Raoof (1999): fc and actual measured values of ft'(Equations 6.12 and 6.13) 
 
Figure 6.15 presents the correlation between the calculated values for f/t (based 
on Equation 6.20) and the corresponding measured values for f/t from strength 
data achieved from this research, Senussi (2004) and other data from literature 
for all three types of NSC, SCC and HSC.  The data obtained from literature is 
that summarised in Chapter 3. The relationship demonstrated by Figure 6.15 
which intrinsically links MOR/fc and MOR/f/t through Equation 6.20, is 
encouraging taking the usual scatter associated with test data for concrete into 
account.  
 
Figure 6.15: Comparison of measured f/t with corresponding calculated value of f/t from literature, 
Senussi (2004) and present study including 45° line (y = x) 
Figure 6.16 compares the values of the uniaxial tensile strength (ft) from Method 
A and B, and shows that the two methods of computing ft give reasonably similar 
results. There is a slight divergence between the values which can be partially 
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attributed to the scatter in test results. At higher tensile strengths the values of ftb 
display a trend of being consistently greater than the values of fta. Senussi 
(2004)’s study produced a similar trend for the same comparison between fta and 
ftb. Even with this pattern, the results still display a significant encouraging 
correlation. The present study with all NSC, SCC and HSC data, recommends 
that the results and patterns are appropriate for use in practice. 
 
Figure 6.16: Correlations between ftb and fta from literature, Senussi (2004) and present study 
including 45° line (y = x) 
6.11 Practical limitations of the developed approaches 
The previous approach (Section 6.10) used the calculated values (Equation 6.20) 
of f/t in the calculation of ft. It should be expected that when applying actual 
values of f/t, fc and the MOR to calculate ft the variation in results produced by the 
both methods, as proposed by Lin and Raoof (1999) and Equation 6.20, would 
increase. The second approach used the uniaxial tensile strength calculated by 
Method A (ftc). However, on this occasion the actual measured values of f/t were 
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applied in Equation 6.12 and 6.13. Figure 6.17 presents the correlation from all 
test data (i.e. NSC, SCC and HSC) it is clear that the scatter increases. The 
degree of scatter is similar to that found by Senussi (2004) for all NSC and HSC.  
There is a 45 degree (y = x) continues line, expressing a relationship between fta 
and ftc close to 1 (y = x means 1), this is the ideal ratio for the corrected values of 
both indirect test methods. Figure 6.17 shows that the data is spread fairly evenly 
about 45° the line. The data tends to cluster around the line with roughly equal 
numbers of data points either side. Some data points however still fail to fall 
close to the line.  
 
Figure 6.17: Correlation between ftc and fta including 45° line (y = x), for all NSC, HSC and SCC 
test data generated from present investigation as well as test data from literature 
In Figure 6.17, it is clear that the greatest degree of scatter occurs in the NSC 
data set. A more detailed analysis of the data reveals that many of the outlying 
points were for concrete with cylinder compressive strengths (fc) below 22 MPa. 
A clearer demonstration of this can be seen in Figure 6.18. For this purpose, the 
values of k against the magnitudes of concrete cylinder compressive strength 
have been plotted. For this Figure, the actual measured values of f/t, fc and 
theoretical values of ‘a’ and ‘b’ proposed by Lin and Raoof (1999) in Equation 
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6.13 for all test data generated by present study, Senussi’s study (2004) and 
literature data were included.  
 
Figure 6.18: Variation of thereotical correction factor k against cylinder compressive strength fc 
The results in Figure 6.18 show how, there is a high degree of scatter in the 
values of k, for strengths lower than 22 MPa. According to Equation 6.2, for low 
compressive strengths (fc < 22 MPa), the cylinder splitting strength (f/t) is 
increased, whereby the proportion of the f/t/fc is changed significantly, hence with 
this significant change, the k value is more varied.  
For higher cylinder compressive strengths (≥ 22 MPa), however, the values of 
the correction factor, k, are found to be less variable. As mentioned in Section 
6.2, Lin and Raoof (1999) has carried a parametric study regarding ‘k’ values and 
this correction factor has been verified only for the ranges of cylinder 
compressive strength from 20 N/mm2 to 50 N/mm2. Senussi (2004) has partly 
investigated the validity of Equation 6.13 outside the range verified by Lin and 
Raoof (1999). The present study has increased the database for both NSC and 
HSC by expanding the cylinder compressive strength ranges.  
By considering Figure 6.17, there is clear evidence that the SCC and HSC data 
points closely follow the 45° continuous theoretical line, suggesting a relationship 
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between fta and ftc reasonably close to ideal 1 while the corresponding measured 
values of fc for SCC and HSC are 12.57 ≤ fc ≤ 92.46 MPa and 16.15 ≤ fc ≤ 93.82 
MPa respectively. Therefore, the possible practical limitation is applicable only for 
NSC test data, where the greatest degree of scatter is related to data point from 
NSC data set and many of the out lings points were for NSC with cylinder 
compressive strength (fc) below a value of about 22 MPa. 
If the NSC data points with corresponding cylinder compressive strength (fc) less 
than 22 MPa from Figure 6.11a and Figure 6.14 are excluded, then the modified 
Figure 6.19 is resulted. Figure 6.19 shows the obtained values of MOR/fc versus 
corresponding measured values for cylinder compressive strength (fc) above 22 
MPa for all NSC test data and whole ranges of HSC and SCC (with fly ash and 
slag) generated from the present study, Senussi’s work (2004) and literature 
including the bested fitted line generated from NSC and SCC (continuous line) 
and HSC (dashed line) separately.   
 
Figure 6.19: Mdified obtained values of MOR/fc versus corresponding measured values for fc 
including fitted lines, for all NSC test data with fc ≥ 22 MPa and whole set of data for SCC and 
HSC generated from the present investigation as well as the test data from literature 
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In addition, Figure 6.19 shows the best fitted curve through NSC and SCC and 
also the fitted line through the HSC data. Previously in Section 6.9, Equation 6.18 
was applied to express the fitted line related to silica fume data, and it is clear 
from Figure 6.19 that the gradient and intercept of the equation of the fitted 
straight line related to silica fume data are the same as that equation displayed in 
Figure 6.11b for all HSC. However, as it is clear from Figure 6.19, after excluding 
the NSC data points with corresponding cylinder compressive strength (fc) less 
than 22 MPa from Figure 6.11a, the SCC and NSC data in Figure 6.11a is 
related to the modified fitted curve (Figure 6.19). So the modified curve can be in 
the form of Equation 6.21:  
0.5086c0.1941lnf
MOR
tf         ,        R
2 = 0.47                                 (6.21) 
It is clear from Figure 6.19 that there are some points for NSC that even after 
applying the practical limitation (i.e. fc ≥ 22 MPa) still fail to fall close to trend line 
which is probably due to variably of the concrete materials. Beyond these few 
points, all data shows a scatter distribution around the fitted line while there is 
different aggregate sizes and types, different codes of practice (for both casting 
and testing), different quantities of silica fume, different cement types, filler, 
superplasticiser and admixtures, with variation at testing ages (3 to 365 days). 
When making comparison between Equations 6.17 and 6.21 (both suggested for 
NSC), these two equations are quite similar to each other and the only difference 
is that the second one (Equation 6.21) defines the fitted curve through all NSC 
data with fc ≥ 22 MPa. In addition, the correlation factor of the fitted line through 
all SCC and NSC (fc ≥ 22 MPa) in Figure 6.19 is R2= 0.47, suggestion that 
approximately 68% of the data correlated to the fitted line. This is while, the line 
of best fit through the whole silica fume concrete data, stays constant the same 
with the correction factor of R2= 0.35. Even though there is a slight difference 
between Equation 6.17 and 6.21, it seems that Equation 6.21 is more practical 
than other, and as these equations are going to be applied in practice then it is 
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perhaps suitable that Equation 6.21 to be suggested for any practical purposes 
applied in NSC and SCC.    
Figure 6.20 presents an encouraging correlation between ftc and fta. Figure 6.20 
includes all NSC, HSC and SCC test data from present research, Senussi’s work 
(2004) and all those data from literature. This is similar to Figure 6.17 with the 
difference between these two figures is that the Figure 6.20 shows the NSC with 
the corresponding cylinder compressive strength above 22 MPa (i.e. fc ≥ 22 
MPa). Again it is clear that by excluding all of the data for NSC with fc ≤ 22 MPa, 
the correlation between ftc and fta is much encouraging. Again, there are some 
points for NSC that even after applying the practical limitation (i.e. fc ≥ 22 MPa), 
however still do not fall close to 45° line which is probably due to variably of the 
concrete materials. 
 
Figure 6.20: Correlation between ftc and fta including 45° line (y = x), for all NSC (fc ≥ 22 MPa), 
HSC and SCC generated from present investigation as well as test data from literature 
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6.12 Histograms  
In Figure 6.20, the data points tend more to cluster around the 45° line with a 
roughly equal numbers of data points either side. Senussi (2004) presented a 
similar pattern between ftc and fta. In order to assess the clustering of data points 
around the 45° line, histograms were drawn for the ratio of ftc and fta (i.e. fta/ftc) to 
clarify how the NSC (fc ≥ 22 MPa), HSC and SCC data points relate to the 45° 
line. Theoretically, fta and ftc are the uniaxial true tensile strengths of concrete 
with calculations based on the MOR and cylinder splitting respectively. If the 
mean of ratio of fta and ftc is equal to or nearly equal to unity, then it can be 
concluded that the verified correction factors can be correctly applied to obtain 
the true uniaxial tensile strength of NSC, HSC and SCC. The histograms of the 
results of NSC, HSC and combination of SCC with NSC are shown in Figures 
6.21, 6.22 and 6.23 respectively. Table 6.3 shows the mean and standard 
deviation (S.D.) for the histograms. 
Table 6.3: Mean and standard deviation (S.D.) for histograms 
Figure 
Number Type of data 
Number 
of 
batches 
Mean S.D. 
6.21a NSC-present work and Senussi (2004) 222 1.07 0.20 
6.21b NSC-present work and Senussi (2004) combined literature 613 1.02 0.25 
6.22a HSC-present work and Senussi (2004) 187 1.04 0.22 
6.22b HSC-present work and Senussi (2004) combined literature 238 1.06 0.25 
6.23a SCC and NSC-present work 314 1.05 0.22 
6.23b SCC-present work combined NSC-present work, Senussi (2004) and literature 705 1.02 0.25 
Figure 6.21a shows the histogram of NSC test data generated from the present 
data and Senussi’s work (2004). There are 222 batches of NSC with a mean 
value and standard deviation of 1.07 and 0.20 respectively while Figure 6.21b 
shows the histogram of NSC test data generated from the present data and 
Senussi’s work (2004) combined with data collected from literature. There are 
613 batches of NSC with a mean value and standard deviation of 1.02 and 0.25 
respectively. This implies that the variation is 7% in the case of the present data 
and Senussi’s work (2004) and 2% variation when all NSC data points are 
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combined. The standard deviations put the possible values for the ratio fta/ftc of 
between 1.27 and 0.87 for Figure 6.21a and 1.27 and 0.77 Figure 6.21b.  
Figure 6.22a shows the histogram of HSC test data generated from the present 
data and Senussi’s work (2004). There are 187 batches of HSC with a mean 
value and standard deviation of 1.04 and 0.22 respectively while Figure 6.22b 
shows the histogram of HSC test data generated from the present data and 
Senussi’s work (2004) combined with data collected from literature. There are 
238 batches of HSC with a mean value and standard deviation of 1.06 and 0.25 
respectively. This implies that the variation is 4% in the case of the present data 
and Senussi’s work (2004) and 6% variation when all HSC data points combined. 
The standard deviations put the possible values for the ratio fta/ftc of between 
1.26 and 0.82 for Figure 6.22a and 1.31 and 0.81 Figure 6.22b. These values 
compare well with work by Senussi (2004) who finds a mean of 1.05 for only 14 
days HSC, considering the larger data set and the variation of concrete. By 
considering rather small data set (as compared to NSC data set) the distribution 
seems to be acceptable. Even though it is observed that both Figures do not 
follow the normal distribution centred around 1, however, means and standard 
deviations for both Figures are acceptable, taking into account the natural 
variation in experimental data related to testing concrete.  
Figure 6.23a shows the histogram of combination of NSC and SCC (combined fly 
ash data with slag data) test data generated from the present data and Senussi’s 
work (2004). There are 314 batches of NSC and SCC with a mean value and 
standard deviation of 1.05 and 0.22 respectively while Figure 6.23b shows the 
histogram of combination of NSC and SCC (combined fly ash data with slag 
data) test data generated from the present data and Senussi’s work (2004) 
combined with data collected from literature. There are 705 batches of NSC and 
SCC with a mean value and standard deviation of 1.02 and 0.25 respectively 
which is quite encouraging. This implies that the variation is 5% in the case of the 
present data and Senussi’s work (2004) and 2% variation when all NSC data 
points combined. The standard deviations put the possible values for the ratio 
fta/ftc of between 1.27 and 0.83 for Figure 6.23a and 1.27 and 0.77 Figure 6.23b. 
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As stated, any sampling distribution of any statics would be normal if the sample 
size is large, Figure 6.23b can confirm it where 705 data points shows exactly the 
same pattern as NSC data set in Figure 6.21b.  
As results, mean values for the ratio fta/ftc are seen to be close generally within 
10% at most with standard deviations ranging between 0.20 and 0.25. These are 
reasonable values for correction factors k and k1 proposed by Lin and Raoof 
(1999) and Senussi (2004) and suggest these correction factors can be applied 
to MOR and cylinder splitting strength formulas to determine the true uniaxial 
tensile strength of concrete. It is worth mentioning that regarding the data from 
SCC as presented in Figures 6.23a and 6.23b, the agreement between their 
predicated values of fta and ftc is highly encouraging. This shows that based on 
the MOR and cylinder splitting tests for SCC (with fly ash and slag), there is a 
good agreement between alternative predictions of uniaxial tensile strength. In 
the available literatures, no such results for SCC have been reported previously.  
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(a) 
 
(b) 
Figure 6.21: Histogram for fta/ftc for NSC (fc ≥ 22 MPa) test data (a) from the present research and 
(b) combined with the test data from the literature 
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(a) 
 
(b) 
 
Figure 6.22: Histogram for fta/ftc for HSC test data (a) from the present research and (b) combined 
with the test data from the literature 
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(a) 
 
(b) 
 
Figure 6.23: Histogram for fta/ftc for the combination of NSC (fc ≥ 22 MPa) and SCC (with fly ash 
and slag) test data (a) from the present research and (b) combined with the test data from the 
literature 
 
191 
 
6.13 Effect of age on ratio MOR/fc and f/t/fc with fta/fc and ftc/fc 
According to the experimental results, the standard deviation (S.D.) of the MOR 
results is high compared to the standard deviation of the cylinder splitting test (f/t) 
results. The measured values of ratio of MOR/fc and/or f/t/fc are plotted against 
their respective age for 3, 7, 14, 28 and 91 day strengths. The values of the MOR 
and cylinder splitting tensile strength (f/t) shown in Figures 6.24, 6.25 and 6.26 
are calculated via Equations 2.2 and 2.6 respectively while fc is the 
corresponding measured value of cylinder compressive strength. For all Figures, 
the mean values of the ratios MOR/fc and/or f/t/fc are shown by  a line of best fit  
to the mean values of the MOR  and cylinder splitting strength (i.e. continuous 
lines in all Figures) while the dashed lines represent the standard deviation of 
each mean value as fitted lines. Figures 6.24, 6.25 and 6.26 show the scatter 
obtained as a result of experimental computations for standard deviations of 
MOR/fc and/or f/t/fc ratio.  
It should be noted that Figures 6.24 to 6.26 include the data set from the present 
study, Senussi’s work (2004) and data set collected from literature for NSC (fc ≥ 
22 MPa) and HSC. By considering the Table 6.4a, 6.4b and 6.4c, the tensile 
strength obtained by the MOR test method (represented by MOR/fc ratio) shows 
a greater scatter as compared to the results obtained by cylinder splitting test 
method (represented by f/t/fc ratio) for all NSC, (fc ≥ 22 MPa) HSC and 
combination of SCC with NSC (fc ≥ 22 MPa) data set and it complements the 
theory and predictions offered from the literature review (Neville, 1977), whereby 
the tensile strength of concrete obtained by cylinder splitting test is more 
consistent and reliable than that obtained from a MOR test.  
From Figures 6.24 to 6.26, it is clear that the ratios MOR/fc and f/t/fc and fta/fc and 
ftc/fc, decrease with increasing age at testing. However, after applying the 
proposed correction factors (k and k1) to both formulas of cylinder splitting 
strength and the MOR, it is observed from Figures 6.24b, 6.25b and 6.26b that 
the standard deviation of the corrected MOR (fta) results is less than the standard 
deviation of the corrected splitting test (ftc) results for all NSC, (fc ≥ 22 MPa) HSC 
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and combination of SCC with NSC (fc ≥ 22 MPa) data set. This demonstrates that 
the tensile strength obtained by the MOR test method has less scatter compared 
to the cylinder splitting test method. Even though the standard deviation of the 
cylinder splitting test results, obtained from traditional formula (i.e. Equation 2.6), 
is low, this formula cannot provide the true uniaxial tensile strength and this is the 
potential reason why it gives the low value of standard deviation. Hence, after 
applying the proposed correction factor (k) to the traditional formula (i.e. Equation 
2.6), the percentage of scatter is increased. This is in contrast with what has 
been stated by other investigators (e.g. Nilsson, 1961). It should be noted that in 
the available literature, no such conclusions are made for NSC, HSC and SCC in 
order less variability of the MOR method. This exercise was also additional 
verification for those correction factors proposed by Lin and Raoof (1999) and 
Senussi (2004). As it is clear from results presented in Table 6.4a,b and c, the 
proposed correction factors (k, k1) work appropriately for all NSC, HSC and SCC 
(with fly ash and slag) data sets. As mentioned earlier, the black lines present 
lines of best fit to the mean values of the MOR and cylinder splitting strength. It 
can be seen, before applying the correction factors, that there is significant 
difference between these two lines (fitted line for the MOR and fitted line for f/t) 
and the obtained (Table 6.4) values for the ratios MOR/fc and f/t/fc express the 
same pattern for all NSC, HSC and SCC. However, after applying the correction 
factors, the difference between these two lines (fitted line for the MOR and fitted 
line for f/t) are reduced and once again the obtained values (Table 6.4) for the 
ratios and fta/fc and ftc/fc confirm this encouraging achievement for all NSC, HSC 
and SCC.  
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Table 6.4: Summary of presently obtained results and literature for, (a) NSC (fc ≥ 22 MPa), (b) HSC, and (c) Combination of NSC (fc ≥ 22 MPa) and SCC with 
fly ash and slag at different ages 
 
 MOR/fc f
/
t/fc fta/fc ftc/fc MOR/fc f/t/fc fta/fc ftc/fc MOR/fc f/t/fc fta/fc ftc/fc MOR/fc f/t/fc fta/fc ftc/fc 
Age (days) 7 14 28 91 
No. of batches 159 146 192 68 
Mean 0.131 0.089 0.110 0.116 0.144 0.088 0.120 0.109 0.140 0.095 0.117 0.128 0.130 0.090 0.110 0.120 
S.D. 0.034 0.016 0.031 0.044 0.028 0.013 0.027 0.035 0.025 0.012 0.024 0.037 0.020 0.010 0.020 0.040 
Mean +S.D. 0.165 0.106 0.142 0.160 0.172 0.101 0.147 0.144 0.165 0.107 0.141 0.165 0.150 0.100 0.130 0.160 
Mean - S.D. 0.097 0.073 0.079 0.073 0.116 0.075 0.093 0.074 0.115 0.083 0.093 0.092 0.110 0.080 0.090 0.080 
 (a) 
 MOR/fc f/t/fc fta/fc ftc/fc MOR/fc f/t/fc fta/fc ftc/fc MOR/fc f/t/fc fta/fc ftc/fc MOR/fc f/t/fc fta/fc ftc/fc MOR/fc f/t/fc fta/fc ftc/fc 
Age (days) 3 7 14 28 91 
No. of batches 16 57 76 76 10 
Mean 0.139 0.097 0.117 0.135 0.144 0.095 0.120 0.127 0.136 0.088 0.108 0.106 0.114 0.076 0.092 0.082 0.138 0.092 0.108 0.116 
S.D. 0.017 0.010 0.016 0.036 0.021 0.011 0.020 0.031 0.014 0.010 0.013 0.027 0.025 0.014 0.023 0.028 0.018 0.008 0.014 0.019 
Mean +S.D. 0.155 0.107 0.133 0.170 0.166 0.106 0.140 0.159 0.150 0.098 0.121 0.133 0.139 0.090 0.115 0.110 0.155 0.100 0.122 0.134 
Mean - S.D. 0.122 0.087 0.102 0.099 0.123 0.085 0.100 0.096 0.123 0.078 0.096 0.080 0.088 0.062 0.070 0.055 0.120 0.084 0.095 0.097 
(b) 
 MOR/fc f/t/fc fta/fc ftc/fc MOR/fc f/t/fc fta/fc ftc/fc MOR/fc f/t/fc fta/fc ftc/fc MOR/fc f/t/fc fta/fc ftc/fc MOR/fc f/t/fc fta/fc ftc/fc 
Age (days) 3 7 14 28 91 
No. of batches 20 179 166 212 80 
Mean 0.146 0.101 0.130 0.154 0.134 0.090 0.113 0.118 0.144 0.088 0.121 0.112 0.138 0.094 0.115 0.127 0.130 0.090 0.110 0.120 
S.D. 0.035 0.015 0.044 0.060 0.035 0.016 0.033 0.046 0.029 0.014 0.028 0.038 0.026 0.013 0.025 0.039 0.020 0.010 0.020 0.040 
Mean +S.D. 0.181 0.115 0.174 0.214 0.168 0.106 0.146 0.164 0.173 0.103 0.149 0.150 0.164 0.107 0.140 0.166 0.150 0.100 0.130 0.160 
Mean - S.D. 0.111 0.086 0.085 0.094 0.099 0.074 0.079 0.072 0.116 0.074 0.092 0.073 0.113 0.081 0.090 0.088 0.110 0.080 0.090 0.080 
(c) 
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(a) 
 
(b) 
Figure 6.24: Representation of ratios MOR/fc and f/t/fc with fta/fc and ftc/fc against age for NSC (fc ≥ 22 
MPa) (a) from the present research and Senussi (2004) (b) combined with test data from literature 
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(a) 
 
(b) 
Figure 6.25: Representation of ratios MOR/fc and f/t/fc with fta/fc and ftc/fc against age for HSC (a) from 
the present research and Senussi (2004) (b) combined with test data from literature 
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(a) 
 
(b) 
Figure 6.26: Representation of ratios MOR/fc and f/t/fc with fta/fc and ftc/fc against age for SCC with NSC 
(fc ≥ 22 MPa) (a) from the present research and Senussi (2004) (b) combined with test data from 
literature 
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Chapter 7: Conclusions and Recommendations 
7.1 Introduction 
The main aim of this research was to develop a method for determining the true 
uniaxial tensile strength of normal strength concrete (NSC), high strength concrete 
(HSC) and self compacting concrete (SCC) by carrying out a series of cylinder 
splitting, modulus of rupture (MOR) and cylinder/cube compression tests. The tensile 
strength of concrete is generally not considered in design and is usually considered 
to be negligible. However, it is a crucial strength parameter and requires careful 
attention to recognise the implications of cracking on concrete due to the tensile 
stress that occurs under a load, hence the need for an accurate representation of the 
true tensile strength of concrete has been emphasised as a requirement in a number 
of civil engineering situations. There is currently no possible method for determining 
the true uniaxial tensile strength of concrete in a simple and effective manner 
comparable to that utilised for the estimation of the cylinder/cube compressive 
strength relationship of concrete.  
Nilsson (1961) identified that there was a significant difference between the 
traditional cylinder splitting uniaxial tensile strength and the MOR. Unfortunately, it is 
also widely known (Lin and Raoof, 1999, Nilsson, 1961) that these tests do not 
provide an accurate value for the uniaxial tensile strength, with the results based on 
different test methods with a practically significant margin, even when allowing for 
the inherent variability of concrete as a material. More recently Lin and Raoof (1999) 
and Senussi (2004) have proposed simple correction factors (k and k1) for 
application to the cylinder splitting (f/t) and the MOR test results to provide practically 
reasonable estimates of the true uniaxial tensile strength of concrete (ft). The 
research reported in this thesis has added to these investigations in order to 
increase the reliability of the proposed correction factors and also to show that there 
is a more accurate method of linking the results obtained from the two tensile test 
methods to the compressive strength. 
In order to increase the reliability and range of application of the proposed correction 
factors, it is necessary to provide more data and also to increase the empirical 
breadth and depth of previous investigations. Therefore, the present investigator has 
utilised the data from the previous investigations (Senussi, 2004) and also conducted 
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an extensive literature review in order to collect data regarding the flexural strength, 
cylinder splitting strength and their associated cylinder and/or cube crushing 
strengths. The data from the literature covers not only a wide range of aggregate 
type and size, but also ages at testing from 7 to 365 days, and more sophisticated 
mixes such as air entrained concrete. The specimens have been produced 
according to the old ASTM, ACI, CEB-FIP standards, as well as British, Norwegian, 
Japanese, Korean and Egyptian standards (Table 3.3 in Chapter 3). It is therefore 
not surprising that due to the variety of standards applied there is a significant scatter 
of data around the line best fit. 
7.2 Hardened properties of NSC, HSC and SCC  
This investigation has provided further validation for the simple correction factors 
suggested by Lin and Raoof (1999) and Senussi (2004). The proposed correction 
factor for the MOR for obtaining the true uniaxial tensile strength of concrete has 
been theoretically derived from the correction factor of Lin and Raoof (1999). This 
study has partially verified a relationship between the MOR and the cylinder splitting 
strengths by utilising extensive experimental results from this study together with test 
data reported by Senussi (2004) and other investigators. This relationship depends 
on the rate of loading and the age at testing. It was concluded in previous studies, 
and also verified by this investigation, that the type and size of aggregates in the 
concrete mix does not have a significant effect on the proposed relationships. In this 
study, by using correction factors (k and k1), for all the data, plots of MOR/ft versus fc 
show an acceptable degree of data correlation (for NSC and SCC, R2=0.47, for HSC, 
R2=0.35) around the fitted curves. It was shown that there are two different 
relationships between the MOR and the uniaxial tensile strength. One of these 
relationships is a fitted line relating to both NSC and SCC. Careful analysis of the 
NSC data set revealed that the greatest variations are related to data from concrete 
mixes having cylinder compressive strengths below about 22 MPa. Hence the 
proposed fitted line works for the NSC data set only with cylinder compressive 
strengths greater than 22 MPa. The data from the SCC (with GGBS and fly ash) has 
supplemented the database. The correction factors for the cylinder compressive 
strength (fc) for SCC are applicable for the range 12.57 MPa ≤ fc ≤ 92.46 MPa and 
the degree of correlation is encouraging (R2=0.47). HSC containing 10% silica fume 
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with cylinder compressive strengths ranging from 16.15 MPa to 93.82 MPa with a 
correlation with R2=0.35. 
The true uniaxial tensile strength of concrete (ft) can be estimated either by using 
results from the MOR tests, which follow the semi-empirical approaches (i.e. the 
proposed fitted lines for NSC, SCC and HSC), or from the cylinder splitting test 
results which follow the theoretical correction factor (k) proposed by Lin and Raoof 
(1999). It can be concluded that for compressive strengths in the range 12.57 MPa to 
93.82 MPa, the MOR is always greater than the corresponding uniaxial tensile 
strength (ft), while the MOR/ft ratio is strongly related to fc. For example, based on the 
suggested relationships (Equations 6.18 and 6.21) in this investigation regarding 
NSC, for fc= 24.55 MPa, MOR/ft = 1.11 and fc= 67.60 MPa MOR/ft = 1.33. The ratio 
MOR/ft increases significantly as fc increases. However, for HSC the ratio MOR/ft 
increases gradually whenever fc increases. For instance, based on the suggested 
relationships in this investigation regarding HSC, for fc= 52.88 MPa, MOR/ft = 1.20 
and for fc= 93.82 MPa, MOR/ft = 1.28. However, this is not the case for the method 
proposed by Lin and Raoof (1999). For the wide range of cylinder compressive 
strength (12.57 MPa to 93.82 MPa), the true uniaxial tensile strength (ft) is constantly 
less than the corresponding cylinder splitting strength (f/t). The true uniaxial strength 
calculated from Lin’s model, ft=k×f/t, is very closely related to the ratio f/t/fc, and the ‘k’ 
value can be increased significantly as the ratio f/t/fc increases.  
In a comparison of the two proposed methods for calculating the uniaxial tensile 
strength of concrete, plots were produced demonstrating their correlation. Due to the 
variability of concrete as a material it was likely for there to be a difference in the 
correlation between the two methods. Histograms were produced to help analyse 
these variations. After considering all NSC, HSC and combinations of NSC with the 
SCC data, mean values of ratio fta/ftc were found to be 1.02, 1.06 and 1.02 
respectively. These figures show a very close relationship between the two methods 
for calculating the uniaxial tensile strength.  
Finally, the proposed relationships are dependent on the age at testing. It was noted 
that the ratios MOR/fc and f/t/fc and fta/fc and ftc/fc, decrease with increasing age at 
testing (3 to 91 days). However, after applying the proposed correction factors (k and 
k1) to both formulas (cylinder splitting and MOR), it is observed that the standard 
deviation of the corrected MOR (fta) results is less than the standard deviation of the 
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corrected splitting test (ftc) results for all NSC (fc ≥ 22 MPa), HSC and combinations 
of SCC with NSC (fc ≥ 22 MPa) data sets. This demonstrates that the tensile strength 
obtained by the MOR test method had less scatter compared with the cylinder 
splitting test method. Consequently, although the standard deviation of the splitting 
test results, obtained from traditional formula, is less variable, the formula (i.e. 
Equation 2.6) used to obtain the tensile strength of concrete is not accurate, and this 
is why it shows less variability. Hence, after applying the correction factor to the 
closed form formula of the cylinder splitting test, the variability is increased. This is in 
contrast with Nilsson (1961) who stated that the tensile strength of concrete obtained 
by cylinder splitting test is more consistent and reliable than that obtained from a 
MOR test. 
7.3 Recommendations for future research 
Some further questions have arisen from the completion of the investigation, 
providing scope for further research:  
 The proposed correction factors for the calculation of the true uniaxial tensile 
strength of HSC, SCC and NSC are a suitable method to predict the true uniaxial 
tensile strength. Currently, a number of tests (91 batches of SCC with fly ash and 
slag) have been performed for SCC (tested at 3, 7, 14, 28 and 91 days) to 
validate the suitability of the correction factors. To provide more validity for test 
data at all testing ages, more data is required to complete the current 
investigation for SCC, to be tested at different ages (e.g. 56 or 365 days).  
 The use of correction factors proposed by Lin and Raoof (1999) and Senussi 
(2004) have been proven to be suitable for SCC with fly ash and slag. It seems 
that altering the type of filler in the mix design has a significant effect on the test 
results and could cause significant variations in the measured values of tensile 
strength, hence future studies should be conducted to investigate the validity of 
the correction factors, as regards those causes where blended cements have 
been used to manufacture high strength SCC containing silica fume, and/or SSC 
containing limestone powder, which are often used as cement replacement 
materials in SCC.  
 The marked brittleness with low tensile strength capacities of NSC, HSC and 
SCC can be overcome by the addition of the steel and glass fibers. The 
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mechanical properties of high strength steel and/or glass fiber-reinforced 
concrete, normal strength steel fibre and/or glass fiber reinforced concrete and 
steel and/or glass fibre reinforced SCC could be investigated to predict the 
compressive and tensile splitting strengths and the MOR of the fiber reinforced 
concrete and validate the suitability of the proposed correction factors.  
 A full experimental study of the size effect of the test specimens (e.g. cylinder, 
cube and small scale beams) requires significantly more data sets to be 
collected. Due to lack of time and available equipment, it was decided that a 
study of the size effect would not be considered in the experimental investigation 
presented here. However, literature stated the importance of the size effect in 
concrete strength testing, hence future research could consider this and evaluate 
the influence of size variation (i.e. cylinder and cubic beams dimensions) on 
proposed correction factors.   
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Table A.1: NSC data set from literature review summarised in Chapter 3 Table 3.3 
Batch f't (N/mm2) MOR (N/mm2) fc (N/mm2) Age at testing (days) 
P2 2.90 2.30 35.0 28 
4.00 3.30 49.0 
P17 3.70 6.10 51.8 28 
P23 
3.61 5.66 33.6 
28 4.86 7.21 48.4 
2.97 4.30 33.6 
3.70 5.80 48.4 
P21 2.62 4.50 28.8 28 
P24 1.88 1.43 54.4 7 
P28 
2.81 4.18 29.7 
28 3.09 4.67 30.1 
3.34 5.95 31.6 
P33 
5.61 6.27 62.0 
28 4.00 6.28 70.0 
5.28 7.26 73.0 
4.93 7.02 61.0 
P34 
4.35 5.45 57.3 
9 4.00 5.13 55.7 
4.36 5.26 56.0 
4.12 5.62 59.0 
P37 3.10 4.30 34.9 105 
P39 
4.00 8.00 40.0 
56 
3.80 8.30 40.0 
4.50 9.50 51.0 
4.40 8.70 49.0 
5.20 10.40 58.0 
5.20 10.60 57.0 
4.90 11.40 56.0 
4.70 10.90 55.0 
P40 
3.14 3.14 37.9 
7 
3.15 3.15 40.7 
3.22 3.22 36.5 
2.33 2.33 37.0 
3.19 3.19 35.5 
P44 
4.02 6.89 34.8 
28 3.90 1.81 44.0 
3.62 5.26 36.2 
4.11 6.37 49.2 
P45 
2.95 4.46 27.2 
28 
3.14 5.05 33.3 
2.40 3.77 24.7 
2.92 4.40 30.6 
3.18 4.52 34.7 
3.09 5.71 30.0 
3.87 6.31 48.2 
4.14 7.09 54.3 
3.57 5.56 45.0 
3.98 5.97 50.3 
4.34 6.13 56.7 
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Batch f't (N/mm2) MOR (N/mm2) fc (N/mm2) Age at testing (days) 
P54 
3.21 3.59 32.6  
28 
 
2.85 3.40 30.4 
2.56 3.20 29.5 
P56 
3.40 5.70 45.0  
28 
 
3.00 4.80 36.7 
3.60 5.40 39.5 
P57 
3.80 7.10 50.0  
 
365 
 
 
4.02 7.20 59.7 
2.84 5.60 35.5 
4.64 6.80 56.0 
5.09 7.50 67.3 
P58 
2.90 2.40 57.0  
 
14 
 
2.90 2.30 57.0 
2.90 2.60 57.0 
2.90 3.00 57.0 
P60 
1.70 4.20 31.0 
91 
3.10 4.10 26.9 
2.80 3.90 27.2 
2.90 3.40 36.6 
2.70 4.30 31.1 
2.00 3.90 27.5 
4.20 4.50 41.4 
3.40 4.50 41.5 
P61 3.40 6.70 35.0 28 
P62 
4.20 6.90 49.1 
365 
4.10 7.80 50.7 
3.80 6.00 37.5 
4.10 7.40 44.7 
4.10 7.30 48.5 
4.70 8.60 59.0 
3.30 6.40 37.5 
3.80 7.00 46.1 
5.60 9.00 79.0 
4.00 8.30 60.6 
4.80 7.50 69.0 
3.20 7.00 52.2 
5.50 9.20 84.1 
4.20 7.00 66.8 
4.50 8.00 63.7 
3.50 6.40 53.2 
P63 
2.82 3.59 24.5 
91 
2.76 2.82 26.8 
2.84 3.74 26.3 
3.24 3.23 30.4 
3.16 4.20 33.4 
2.33 3.57 22.8 
2.59 3.34 25.8 
2.81 3.00 27.8 
3.04 4.13 28.6 
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Batch f't (N/mm2) MOR (N/mm2) fc (N/mm2) Age at testing (days) 
P63 
3.04 3.25 30.8 
 
 
 
 
 
 
 
 
 
91 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.48 4.07 38.4 
2.57 3.32 27.6 
2.65 3.48 30.3 
3.16 3.67 33.1 
2.96 4.45 33.8 
2.80 4.26 35.3 
2.81 4.24 32.6 
2.65 3.57 27.9 
2.74 3.93 30.7 
3.08 3.41 33.2 
2.87 3.92 33.0 
3.33 4.30 35.4 
3.01 4.48 35.1 
2.70 3.16 29.4 
2.87 3.61 30.4 
3.23 3.72 32.9 
2.93 4.40 35.3 
3.32 4.51 38.0 
2.86 4.43 36.7 
2.60 3.07 26.9 
2.63 3.14 31.6 
3.29 3.19 33.1 
2.95 4.03 33.0 
3.13 3.87 35.8 
2.90 4.21 35.6 
P64 
3.58 4.88 38.8  
100 
 
3.90 5.25 48.0 
4.26 5.37 49.5 
P65 
4.13 6.94 45.3 
 
 
 
 
 
7 
 
 
 
 
 
 
4.13 6.94 45.3 
4.21 7.06 45.8 
4.02 7.06 43.8 
2.83 4.51 30.8 
2.83 4.51 28.6 
2.96 4.48 32.9 
2.91 4.28 31.6 
2.83 4.51 30.5 
2.85 4.51 30.5 
2.80 4.42 31.3 
2.91 4.28 31.6 
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Table A.2: NSC data set from Akazawa (1953) – age at testing of 28 days 
ft' (kg/cm2) MOR (kg/cm2) fc (kg/cm2) ft' (N/mm2) MOR (N/mm2) fc (N/mm2) 
27.5 55.2 331 2.7 5.4 32.5 
25.0 54.1 264 2.5 5.3 25.9 
20.1 43.4 233 2.0 4.3 22.9 
24.6 53.3 296 2.4 5.2 29.0 
17.5 47.6 245 1.7 4.7 24.0 
20.2 36.7 238 2.0 3.6 23.3 
24.1 53.1 316 2.4 5.2 31.0 
21.7 56.1 278 2.1 5.5 27.3 
17.7 39.2 162 1.7 3.8 15.9 
21.7 51.0 264 2.1 5.0 25.9 
20.0 47.4 209 2.0 4.6 20.5 
19.5 38.4 195 1.9 3.8 19.1 
17.1 37.7 188 1.7 3.7 18.4 
16.9 39.5 180 1.7 3.9 17.7 
13.1 32.5 136 1.3 3.2 13.3 
18.9 48.1 209 1.9 4.7 20.5 
16.4 38.7 168 1.6 3.8 16.5 
13.0 25.4 127 1.3 2.5 12.5 
21.7 43.0 195 2.1 4.2 19.1 
18.2 41.0 178 1.8 4.0 17.5 
11.3 24.6 101 1.1 2.4 9.9 
20.5 45.0 209 2.0 4.4 20.5 
15.0 37.0 165 1.5 3.6 16.2 
11.5 25.2 104 1.1 2.5 10.2 
12.2 24.4 103 1.2 2.4 10.1 
9.5 14.9 87 0.9 1.5 8.5 
7.9 10.7 50 0.8 1.0 4.9 
10.7 26.2 125 1.0 2.6 12.3 
9.5 19.1 69 0.9 1.9 6.8 
7.3 15.4 57 0.7 1.5 5.6 
12.4 28.9 112 1.2 2.8 11.0 
8.8 18.8 72 0.9 1.8 7.1 
5.7 14.3 48 0.6 1.4 4.7 
12.8 25.0 147 1.3 2.5 14.4 
7.7 15.0 86 0.8 1.5 8.4 
4.8 10.5 39 0.5 1.0 3.8 
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Table A.3: NSC data set from Walker and Bloem (1960) 
ft' (psi) MOR (psi) fc (psi) ft' (N/mm2) MOR (N/mm2) fc (N/mm2) Age at testing (days) 
340 431 2320 2.34 2.97 15.9 
28 
389 491 2780 2.68 3.38 19.1 
411 444 2910 2.83 3.06 20.0 
426 494 2920 2.94 3.40 20.1 
504 615 5035 3.47 4.24 34.6 
528 658 5090 3.64 4.53 35.0 
510 606 4915 3.51 4.18 33.8 
517 624 4675 3.56 4.30 32.2 
531 783 5950 3.66 5.39 41.0 
485 771 5665 3.34 5.31 39.0 
516 776 5545 3.56 5.35 38.2 
515 718 5100 3.55 4.95 35.1 
346 428 2440 2.38 2.95 16.8 
91 
409 483 3000 2.82 3.33 20.6 
404 501 3300 2.78 3.45 22.7 
408 498 3015 2.81 3.43 20.7 
527 624 5365 3.63 4.30 36.9 
517 633 5740 3.56 4.36 39.5 
528 625 5275 3.64 4.31 36.3 
526 617 5195 3.62 4.25 35.7 
569 799 6640 3.92 5.51 45.7 
547 802 6455 3.77 5.53 44.4 
549 812 6105 3.78 5.59 42.0 
544 773 5970 3.75 5.33 41.1 
330 405 2365 2.27 2.79 16.2 
28 
403 472 3010 2.78 3.25 20.7 
402 459 3110 2.77 3.16 21.4 
365 464 2955 2.51 3.20 20.3 
536 639 5115 3.69 4.40 35.2 
562 624 4670 3.87 4.30 32.1 
496 616 4680 3.42 4.24 32.2 
494 568 4465 3.40 3.91 30.7 
538 775 5700 3.71 5.34 39.2 
469 673 4960 3.23 4.64 34.1 
454 700 4700 3.13 4.82 32.3 
442 664 4610 3.05 4.57 31.7 
341 416 2560 2.35 2.87 17.6 
91 
408 495 3300 2.81 3.41 22.7 
425 476 3310 2.93 3.28 22.8 
403 483 3140 2.78 3.33 21.6 
539 628 5555 3.71 4.33 38.2 
490 611 5235 3.38 4.21 36.0 
498 614 5055 3.43 4.23 34.8 
505 608 4555 3.48 4.19 31.3 
556 759 6465 3.83 5.23 44.5 
471 710 5595 3.25 4.89 38.5 
504 691 5245 3.47 4.76 36.1 
497 684 4980 3.42 4.71 34.3 
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Table A.4: NSC data set from Grieb and Werner (1962) – 38mm crushed sandstone and age at 
testing from 7 to 365 days 
ft' (psi) MOR (psi) fc (psi) ft' (N/mm2) MOR (N/mm2) fc (N/mm2) 
180 350 1390 1.24 2.41 9.5 
185 350 1350 1.27 2.41 9.30 
210 355 1470 1.45 2.45 10.1 
255 410 1960 1.76 2.82 13.5 
255 380 1710 1.76 2.62 11.7 
280 420 2330 1.93 2.89 16.0 
285 475 2500 1.96 3.27 17.2 
340 475 2730 2.34 3.27 18.8 
345 445 2720 2.38 3.07 18.7 
345 535 2800 2.38 3.69 19.2 
360 530 3250 2.48 3.65 22.3 
360 555 3160 2.48 3.82 21.7 
370 520 2980 2.55 3.58 20.5 
395 590 3710 2.72 4.07 25.5 
395 510 3250 2.72 3.51 22.3 
410 660 3780 2.82 4.55 26.0 
415 640 3540 2.86 4.41 24.3 
430 630 5070 2.96 4.34 34.9 
430 600 3810 2.96 4.13 26.2 
430 640 3700 2.96 4.41 25.4 
430 645 3520 2.96 4.44 24.2 
435 670 3860 3.00 4.62 26.6 
445 630 3670 3.07 4.34 25.2 
465 805 4570 3.20 5.55 31.4 
500 730 5320 3.45 5.03 36.6 
500 800 4610 3.45 5.51 31.7 
505 730 5620 3.48 5.03 38.7 
505 740 5400 3.48 5.10 37.2 
515 790 4460 3.55 5.44 30.7 
525  - 4990 3.62  - 34.3 
530 785 6050 3.65 5.41 41.6 
530 750 6050 3.65 5.17 41.6 
535 850 6940 3.69 5.86 47.8 
540  - 5210 3.72  - 35.9 
555  - 6010 3.82  - 41.4 
560 750 5790 3.86 5.17 39.8 
560 890 6200 3.86 6.13 42.7 
565 855 6730 3.89 5.89 46.3 
565 875 5580 3.89 6.03 38.4 
565 790 6720 3.89 5.44 46.3 
565 955 6270 3.89 6.58 43.2 
595 880 5940 4.10 6.06 40.9 
595 775 6150 4.10 5.34 42.3 
600 805 5660 4.13 5.55 39.0 
605  - 6090 4.17 -  41.9 
620 925 7370 4.27 6.37 50.7 
625 885 7250 4.31 6.10 49.9 
635 875 7210 4.38 6.03 49.6 
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Table A.5: NSC data set from Grieb and Werner (1962) – 38mm gravel and age at testing from 7 to 
365 days 
ft' (psi) MOR (psi) fc (psi) ft' (N/mm2) MOR (N/mm2) fc (N/mm2) 
150 250 1180 1.03 1.72 8.1 
250 450 1960 1.72 3.10 13.5 
260 410 2130 1.79 2.82 14.6 
270 400 2330 1.86 2.76 16.0 
280 400 1940 1.93 2.76 13.3 
280 410 2060 1.93 2.82 14.1 
295 505 2680 2.03 3.48 18.4 
300 530 2980 2.07 3.65 20.5 
320 510 6860 2.20 3.51 47.2 
335 525 2600 2.31 3.62 17.9 
340 580 3110 2.34 4.00 21.4 
345 555 3130 2.38 3.82 21.5 
355 540 3440 2.45 3.72 23.7 
355 670 3960 2.45 4.62 27.2 
360 625 3240 2.48 4.31 22.3 
360 670 3670 2.48 4.62 25.2 
365 690 3980 2.51 4.75 27.4 
365 630 3800 2.51 4.34 26.1 
370 740 4100 2.55 5.10 28.2 
375 670 3720 2.58 4.62 25.6 
390 640 3900 2.69 4.41 26.8 
390 570 3360 2.69 3.93 23.1 
405 505 3100 2.79 3.48 21.3 
415 760 4340 2.86 5.24 29.9 
435 635 5300 3.00 4.38 36.5 
435 780 4610 3.00 5.37 31.7 
440 695 4440 3.03 4.79 30.5 
445 780 4600 3.07 5.37 31.6 
465  - 4120 3.20  - 28.3 
540 790 5660 3.72 5.44 39.0 
570 790 6660 3.93 5.44 45.8 
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Table A.6: NSC data set from Grieb and Werner (1962) – lightweight aggregate and age at testing 
from 7 to 365 days 
ft' (psi) MOR (psi) fc (psi) ft' (N/mm2) MOR (N/mm2) fc (N/mm2) 
300 445 3190 2.07 3.07 21.9 
310 430 3430 2.14 2.96 23.6 
315 520 3290 2.17 3.58 22.6 
335 460 2980 2.31 3.17 20.5 
340 435 3040 2.34 3.00 20.9 
340 505 4200 2.34 3.48 28.9 
345 445 3570 2.38 3.07 24.6 
350 510 4130 2.41 3.51 28.4 
360 485 4110 2.48 3.34 28.3 
360 540 4290 2.48 3.72 29.5 
360 500 4290 2.48 3.45 29.5 
365 480 3600 2.51 3.31 24.8 
385 575 6800 2.65 3.96 46.8 
385 520 4060 2.65 3.58 27.9 
385 460 3740 2.65 3.17 25.7 
390 535 4330 2.69 3.69 29.8 
390 500 3900 2.69 3.45 26.8 
405 485 4080 2.79 3.34 28.1 
420 565 4800 2.89 3.89 33.0 
420 565 5290 2.89 3.89 36.4 
420 560 6060 2.89 3.86 41.7 
425 580 6060 2.93 4.00 41.7 
425 570 4480 2.93 3.93 30.8 
425 610 5300 2.93 4.20 36.5 
425 610 4870 2.93 4.20 33.5 
425 750 6300 2.93 5.17 43.4 
440 710 8030 3.03 4.89 55.3 
440 570 7830 3.03 3.93 53.9 
445 555 4440 3.07 3.82 30.5 
445 635 6600 3.07 4.38 45.4 
450 550 5100 3.10 3.79 35.1 
450 575 5920 3.10 3.96 40.7 
460 610 5120 3.17 4.20 35.2 
460 530 7020 3.17 3.65 48.3 
470 635 7460 3.24 4.38 51.4 
470 570 5000 3.24 3.93 34.4 
470 635 7850 3.24 4.38 54.0 
470 680 7800 3.24 4.69 53.7 
480 645 6980 3.31 4.44 48.0 
480 610 4880 3.31 4.20 33.6 
485 605 5080 3.34 4.17 35.0 
490 560 5740 3.38 3.86 39.5 
490 630 6930 3.38 4.34 47.7 
490 635 7490 3.38 4.38 51.6 
490 740 6800 3.38 5.10 46.8 
495 670 5740 3.41 4.62 39.5 
495 735 7590 3.41 5.06 52.3 
495 690 6340 3.41 4.75 43.6 
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ft' (psi) MOR (psi) fc (psi) ft' (N/mm2) MOR (N/mm2) fc (N/mm2) 
500 635 8610 3.45 4.38 59.3 
515 640 7760 3.55 4.41 53.4 
520 620 6660 3.58 4.27 45.8 
520 645 5790 3.58 4.44 39.8 
525 680 9870 3.62 4.69 68.0 
530 640 8790 3.65 4.41 60.5 
530 685 7630 3.65 4.72 52.5 
530 650 6760 3.65 4.48 46.5 
540 630 6350 3.72 4.34 43.7 
540 660 9060 3.72 4.55 62.4 
555 710 8790 3.82 4.89 60.5 
565 650 7730 3.89 4.48 53.2 
605 705 6840 4.17 4.86 47.1 
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Table A.7: NSC data set from Grieb and Werner (1962) – 25mm crushed stone and age at testing of 
28 days 
ft' (psi) MOR (psi) fc (psi) ft' (N/mm2) MOR (N/mm2) fc (N/mm2) 
450 640 4120 3.10 4.41 28.3 
475 690 5230 3.27 4.75 36.0 
475 640 5330 3.27 4.41 36.7 
490 675 4350 3.38 4.65 29.9 
495 650 4680 3.41 4.48 32.2 
495 695 5150 3.41 4.79 35.4 
500 720 -  3.45 4.96  - 
505 775 5280 3.48 5.34 36.3 
505 740 5640 3.48 5.10 38.8 
505 760 5380 3.48 5.24 37.0 
510 695 5020 3.51 4.79 34.5 
515 755 5500 3.55 5.20 37.9 
515 690 5650 3.55 4.75 38.9 
520 750 5320 3.58 5.17 36.6 
520 755 6010 3.58 5.20 41.4 
520 695 4900 3.58 4.79 33.7 
525 765 5600 3.62 5.27 38.5 
525 705 5010 3.62 4.86 34.5 
525 710 5560 3.62 4.89 38.3 
530 735 5100 3.65 5.06 35.1 
535 720 5110 3.69 4.96 35.2 
535 730 5530 3.69 5.03 38.1 
540 690 5410 3.72 4.75 37.2 
540 730 5620 3.72 5.03 38.7 
545 740 5770 3.76 5.10 39.7 
545 715 5890 3.76 4.93 40.5 
545 675 5610 3.76 4.65 38.6 
545 740 5350 3.76 5.10 36.8 
550 780 6760 3.79 5.37 46.5 
550 735 5770 3.79 5.06 39.7 
555 740 5320 3.82 5.10 36.6 
555 745 5730 3.82 5.13 39.4 
555 740 5330 3.82 5.10 36.7 
555 800 5810 3.82 5.51 40.0 
560 755 5500 3.86 5.20 37.9 
560 795 5980 3.86 5.48 41.2 
565 790 5940 3.89 5.44 40.9 
565 735 5100 3.89 5.06 35.1 
565 705 5540 3.89 4.86 38.1 
565 790 6110 3.89 5.44 42.1 
565 840 5980 3.89 5.79 41.2 
570 800 5760 3.93 5.51 39.6 
575 830 6160 3.96 5.72 42.4 
575 820 5830 3.96 5.65 40.1 
580 740 6200 4.00 5.10 42.7 
585 765 6010 4.03 5.27 41.4 
595 755 5910 4.10 5.20 40.7 
595 785 5640 4.10 5.41 38.8 
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ft' (psi) MOR (psi) fc (psi) ft' (N/mm2) MOR (N/mm2) fc (N/mm2) 
605 800 5940 4.17 5.51 40.9 
615 775 6450 4.24 5.34 44.4 
620 700 6140 4.27 4.82 42.3 
625 810 6050 4.31 5.58 41.6 
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Appendix B 
NSC data set from Senussi’s studies (2004) 
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Table B.1:  NSC data set generated from Senussi’s (2004) investigation 
Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
1s1 1 143.50 2.00 
2.28 
11.93 3.73 
3.82 
365.60 20.1 
18.9 
299.00 30.8 
30.3 1s1 2 181.00 2.50 12.67 3.84 328.80 18.1 311.30 31.1 
1s1 3 169.20 2.35 12.80 3.88 335.60 18.4 290.90 29.0 
2s1 1 153.90 2.11 
2.19 
11.60 3.48 
3.59 
313.90 17.3 
16.8 
227.90 22.5 
22.8 2s1 2 157.70 2.17 12.80 3.84 317.30 17.4 221.70 21.9 
2s1 3 166.50 2.29 11.63 3.45 285.30 15.7 242.00 23.9 
3s1 1 152.10 2.10 
1.94 
12.85 3.86 
3.55 
264.40 14.5 
16.1 
245.70 24.5 
24.3 3s1 2 132.70 1.83 11.46 3.40 325.00 17.9 247.60 24.7 
3s1 3 137.40 1.90 11.27 3.38 291.60 16.0 236.10 23.6 
4s1 1 152.10 2.11 
2.00 
10.08 3.02 
3.21 
280.90 15.4 
15.1 
219.50 21.7 
21.6 4s1 2 141.60 1.96 11.66 3.50 272.00 14.9 227.20 22.5 
4s1 3 139.30 1.92 10.33 3.10 269.30 14.8 206.50 20.6 
5s1 1 170.20 2.34 
2.22 
11.93 3.58 
3.55 
316.50 17.4 
16.8 
230.80 23.0 
23.1 5s1 2 151.40 2.08 11.73 3.52 322.30 17.7 221.80 22.1 
5s1 3 161.80 2.22 11.79 3.54 280.30 15.4 240.40 24.0 
6s1 1 164.30 2.26 
2.30 
13.30 3.99 
4.12 
356.10 19.6 
19.0 
261.70 26.1 
26.6 6s1 2 171.10 2.36 13.70 4.11 353.00 19.4 269.40 26.9 
6s1 3 165.60 2.27 14.15 4.25 328.70 18.1 269.90 26.7 
7s1 1 178.20 2.46 
2.59 
13.51 4.22 
4.58 
473.60 26.1 
27.1 
380.90 38.0 
37.1 7s1 2 182.00 2.52 15.64 4.99 393.10 21.6 355.60 35.9 
7s1 3 201.90 2.79 13.76 4.54 512.20 28.2 363.50 37.4 
8s1 1 156.60 2.19 
2.49 
13.41 4.15 
4.60 
436.90 24.0 
22.9 
391.90 39.1 
37.5 8s1 2 200.40 2.78 15.72 4.91 394.40 21.7 366.50 37.4 
8s1 3 179.40 2.50 15.28 4.73 419.70 23.1 357.60 36.1 
9s1 1 167.90 2.34 
2.41 
12.31 3.81 
4.11 
356.40 19.6 
21.5 
340.30 34.7 
35.0 9s1 2 130.50 1.83 14.20 4.39 423.80 23.3 347.40 35.4 
9s1 3 178.40 2.49 13.21 4.13 390.80 21.5 342.30 34.9 
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Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
10s1 1 137.00 1.94 
2.54 
14.39 4.45 
4.59 
402.20 22.1 
21.5 
360.90 37.5 
39.7 10s1 2 161.30 2.30 16.06 4.97 379.90 20.9 391.90 40.8 
10s1 3 198.10 2.78 14.12 4.37 498.70 27.4 409.30 40.9 
11s1 1 186.00 2.57 
2.61 
14.30 4.52 
4.22 
437.80 24.1 
24.4 
376.20 37.2 
37.5 11s1 2 201.40 2.79 13.27 4.06 432.60 23.8 387.40 38.7 
11s1 3 180.40 2.48 13.18 4.08 461.10 25.4 360.00 36.7 
12s1 1 214.80 2.95 
2.92 
15.59 4.68 
4.83 
521.10 28.7 
27.2 
370.30 36.6 
37.7 12s1 2 232.60 3.19 16.74 5.02 476.10 26.2 379.50 37.9 
12s1 3 190.30 2.61 15.92 4.78 486.50 26.8 389.40 38.5 
13s1 1 187.30 2.57 
2.62 
19.01 5.65 
5.49 
509.80 28.0 
26.7 
425.60 42.1 
41.5 13s1 2 215.30 2.96 19.32 5.74 444.10 24.4 410.60 40.6 
13s1 3 169.40 2.33 17.12 5.09 501.40 27.6 424.00 41.9 
14s1 1 214.60 2.95 
2.74 
16.78 4.98 
5.32 
555.40 30.6 
32.6 
459.30 45.4 
44.8 14s1 2 177.70 2.44 19.01 5.65 618.90 34.1 447.00 44.2 
14s1 3 206.00 2.83 17.92 5.32 603.80 33.2 451.40 44.6 
15s1 1 198.90 2.73 
2.64 
15.12 4.54 
4.44 
444.40 24.4 
25.1 
392.30 39.2 
39.1 15s1 2 181.70 2.50 13.25 3.98 473.00 26.0 381.40 38.1 
15s1 3 197.10 2.71 16.06 4.82 449.70 24.7 401.10 40.1 
16s1 1 188.80 2.59 
2.66 
15.49 4.65 
4.88 
499.60 27.5 
28.5 
401.70 39.7 
41.3 16s1 2 202.70 2.78 17.75 5.33 562.90 31.0 432.60 43.2 
16s1 3 189.70 2.60 15.56 4.67 491.40 27.0 410.60 41.0 
17s1 1 221.70 3.04 
3.10 
14.76 4.43 
4.49 
583.80 32.1 
30.1 
469.90 46.9 
48.6 17s1 2 222.40 3.04 15.34 4.60 520.10 28.6 494.70 48.9 
17s1 3 235.10 3.21 14.84 4.45 534.60 29.4 505.20 50.0 
18s1 1 200.50 2.75 
2.67 
15.73 4.72 
4.67 
618.10 34.0 
33.3 
481.80 47.7 
51.2 18s1 2 183.90 2.53 14.70 4.41 592.00 32.6 519.50 51.4 
18s1 3 198.30 2.73 16.28 4.88 480.30 26.4 552.60 54.7 
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Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
19s1 1 177.70 2.44 
2.68 
18.62 5.59 
5.42 
623.90 34.3 
32.3 
524.70 51.9 
52.1 19s1 2 193.60 2.67 16.95 5.09 604.00 33.2 555.20 54.9 
19s1 3 213.20 2.93 18.78 5.58 532.40 29.3 501.00 49.6 
20s1 1 210.20 2.88 
2.91 
17.63 5.24 
5.24 
504.00 27.7 
29.4 
498.90 49.8 
48.2 20s1 2 232.60 3.18 17.56 5.22 629.20 34.6 505.60 50.0 
20s1 3 194.90 2.67 17.77 5.28 563.00 31.0 447.20 44.7 
21s1 1 208.30 2.86 
2.91 
17.82 5.35 
5.52 
614.70 33.8 
33.7 
502.60 49.7 
50.8 21s1 2 207.20 2.85 18.03 5.41 590.10 32.5 542.30 53.6 
21s1 3 220.00 3.02 19.54 5.80 631.40 34.8 494.90 49.0 
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Table B.2:  NSC data set generated from Senussi’s (2004) investigation 
Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
1s2 1 154.90 2.13 
1.92 
13.43 4.03 
4.00 
329.10 18.1 
19.1 
215.60 21.5 
22.2 1s2 2 121.10 1.67 15.09 4.27 352.10 19.4 224.70 22.4 
1s2 3 141.60 1.95 12.32 3.70 361.90 19.9 227.40 22.7 
2s2 1 171.00 2.36 
2.43 
11.56 3.47 
3.80 
379.00 20.8 
19.7 
236.70 23.6 
24.5 2s2 2 170.00 2.34 12.79 3.88 375.60 20.7 237.10 23.2 
2s2 3 186.70 2.57 13.65 4.05 319.90 17.6 269.60 26.6 
3s2 1 146.60 2.02 
2.16 
13.02 3.95 
3.94 
334.40 18.4 
17.4 
220.70 22.0 
22.2 3s2 2 160.70 2.22 13.10 3.93 308.00 16.9 226.40 22.6 
3s2 3 162.60 2.25 13.29 3.95 304.70 16.7 218.70 22.0 
4s2 1 169.30 2.34 
2.37 
14.28 4.24 
4.07 
380.50 20.9 
21.2 
236.30 23.8 
24.0 4s2 2 170.10 2.34 14.28 4.28 383.80 21.1 247.30 24.4 
4s2 3 176.80 2.44 12.31 3.69 394.30 21.7 236.70 23.6 
5s2 1 149.00 2.05 
2.00 
12.96 3.89 
3.93 
335.50 18.4 
17.9 
211.40 21.1 
20.6 5s2 2 149.20 2.04 12.84 3.85 294.80 16.2 210.70 20.6 
5s2 3 138.10 1.90 13.61 4.04 346.50 19.1 203.80 20.1 
6s2 1 243.40 3.33 
3.23 
19.87 5.90 
5.55 
715.50 39.4 
40.4 
493.40 48.8 
49.9 6s2 2 201.50 2.77 17.14 5.09 723.50 39.8 521.10 51.5 
6s2 3 262.30 3.60 19.09 5.67 763.20 42.0 498.10 49.3 
7s2 1 239.10 3.28 
3.30 
16.52 4.91 
5.27 
742.30 40.9 
38.7 
460.70 45.6 
46.1 7s2 2 214.20 2.93 18.30 5.44 667.50 36.7 485.30 48.0 
7s2 3 269.00 3.69 18.42 5.47 701.60 38.6 455.90 44.7 
8s2 1 238.10 3.26 
3.09 
18.31 5.44 
5.44 
758.50 41.8 
40.6 
478.80 47.8 
47.4 8s2 2 212.40 2.92 18.17 5.45 713.70 39.3 462.90 46.2 
8s2 3 160.80 2.21 18.13 5.44 742.60 40.9 481.80 48.1 
9s2 1 267.30 3.67 
3.29 
17.95 5.33 
5.23 
728.80 40.1 
39.9 
445.60 44.5 
44.5 9s2 2 229.10 3.15 16.15 4.85 717.20 39.5 430.20 42.5 
9s2 3 223.40 3.07 18.38 5.51 726.90 40.0 463.40 46.3 
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Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
1021 1 239.50 3.29 
3.45 
20.50 6.15 
5.50 
743.90 41.0 
39.8 
502.90 49.7 
48.5 1021 2 242.70 3.33 15.78 4.73 703.00 38.7 486.00 48.1 
10s2 3 272.40 3.74 18.69 5.61 721.60 39.7 482.80 47.8 
11s2 1 201.80 2.78 
2.72 
13.40 4.02 
4.00 
509.50 28.0 
28.0 
327.50 32.4 
33.0 11s2 2 204.50 2.82 12.50 3.71 487.50 26.8 324.00 32.0 
11s2 3 185.30 2.55 14.34 4.26 527.60 29.0 350.10 34.6 
12s2 1 155.60 2.14 
2.21 
15.03 4.51 
4.53 
515.90 28.4 
27.4 
314.60 31.4 
32.5 12s2 2 153.90 2.11 15.41 4.62 475.30 26.1 322.80 32.2 
12s2 3 172.40 2.38 14.88 4.46 501.90 27.6 339.80 33.9 
13s2 1 180.70 2.48 
2.62 
15.31 4.59 
4.79 
493.60 27.2 
26.4 
305.80 30.5 
30.4 13s2 2 198.40 2.72 15.42 4.58 454.40 25.0 307.60 30.7 
13s2 3 193.90 2.66 17.53 5.21 490.50 27.0 300.10 30.0 
14s2 1 196.20 2.72 
2.59 
17.07 5.12 
4.80 
470.10 25.9 
26.6 
316.00 31.6 
31.5 14s2 2 193.60 2.68 14.96 4.49 480.20 26.4 311.60 30.8 
14s2 3 170.60 2.36 16.12 4.79 502.30 27.6 326.40 32.3 
15s2 1 204.80 2.83 
2.64 
14.44 4.29 
4.54 
467.90 25.7 
26.5 
322.70 31.9 
31.4 15s2 2 172.50 2.38 16.50 4.85 484.50 26.7 307.60 30.4 
15s2 3 196.70 2.70 15.10 4.49 491.20 27.0 323.90 32.0 
16s2 1 158.60 2.19 
2.09 
13.30 3.99 
3.91 
331.80 18.2 
19.1 
220.60 22.0 
22.4 16s2 2 142.10 1.96 12.86 3.86 359.90 19.8 231.70 23.1 
16s2 3 154.20 2.12 13.02 3.87 351.70 19.3 221.60 22.1 
17s2 1 154.90 2.13 
2.15 
13.07 3.88 
3.95 
360.10 19.8 
20.1 
225.20 22.0 
22.2 17s2 2 163.20 2.24 14.15 4.20 364.20 20.0 225.90 22.1 
17s2 3 152.00 2.09 12.93 3.77 374.20 20.6 228.60 22.4 
18s2 1 138.60 1.90 
2.01 
13.78 4.09 
4.00 
342.10 18.8 
18.9 
218.30 21.6 
21.6 18s2 2 148.70 2.04 13.80 4.10 327.70 18.0 228.50 22.6 
18s2 3 152.00 2.09 12.96 3.81 361.20 19.9 210.00 20.7 
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Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
19s2 1 147.20 2.02 
2.00 
10.48 3.11 
3.35 
325.10 17.9 
17.3 
176.30 17.4 
18.3 19s2 2 144.30 1.98 12.80 3.80 304.20 16.7 191.60 18.9 
19s2 3 145.50 2.00 10.58 3.14 313.70 17.2 188.20 18.6 
20s2 1 216.00 2.98 
3.21 
17.14 5.14 
5.16 
590.80 32.5 
35.2 
430.00 42.5 
43.7 20s2 2 230.90 3.17 16.38 4.87 667.10 36.7 442.30 43.7 
20s2 3 252.30 3.48 18.42 5.47 662.10 36.4 449.40 44.9 
21s2 1 205.20 2.81 
2.94 
16.38 4.87 
4.79 
602.80 33.2 
32.4 
382.40 37.8 
38.2 21s2 2 224.10 3.09 15.50 4.60 540.40 29.7 388.40 38.4 
21s2 3 213.10 2.92 16.52 4.91 623.10 34.3 384.40 38.4 
22s2 1 225.60 3.10 
2.93 
16.58 4.97 
4.92 
637.20 35.1 
35.3 
423.40 41.9 
42.4 22s2 2 205.50 2.82 17.01 5.05 628.40 34.6 430.30 42.6 
22s2 3 208.40 2.86 15.89 4.72 656.60 36.1 431.30 42.7 
23s2 1 201.70 2.78 
2.97 
15.59 4.63 
4.87 
642.70 35.4 
34.4 
435.10 43.0 
43.5 23s2 2 231.80 3.20 17.59 5.22 584.70 32.2 451.70 44.7 
23s2 3 212.60 2.94 16.01 4.76 645.10 35.5 431.90 42.7 
24s2 1 221.40 3.03 
3.13 
18.50 5.50 
5.20 
620.00 34.1 
34.0 
421.00 41.6 
42.2 24s2 2 220.60 3.04 17.54 5.21 593.50 32.7 429.80 42.5 
24s2 3 241.50 3.32 16.51 4.90 640.40 35.2 428.10 42.3 
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Table B.3:  NSC data set generated from Senussi’s (2004) investigation 
Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
1s3 1 106.50 1.48 
1.50 
9.39 2.79 
2.71 
240.60 13.2 
12.8 
159.80 15.8 
16.0 1s3 2 100.50 1.39 9.56 2.84 223.30 12.3 158.60 15.7 
1s3 3 117.60 1.64 8.45 2.51 237.10 13.0 167.80 16.6 
2s3 1 119.60 1.64 
1.66 
9.79 2.91 
2.95 
273.60 15.0 
15.6 
185.30 17.9 
18.7 2s3 2 132.00 1.82 10.26 2.93 296.80 16.3 199.50 19.7 
2s3 3 108.10 1.50 10.08 3.02 281.20 15.5 189.80 18.4 
3s3 1 113.50 1.56 
1.63 
9.99 3.00 
3.17 
211.70 11.6 
12.0 
159.00 15.5 
24.3 3s3 2 121.60 1.68 9.94 2.98 224.90 12.3 234.50 22.7 
3s3 3 119.80 1.65 11.73 3.52 265.30 14.6 267.70 25.9 
4s3 1 111.90 1.56 
1.48 
9.49 2.82 
2.90 
234.90 12.9 
13.2 
155.60 15.4 
15.8 4s3 2 113.70 1.57 10.16 3.02 244.70 13.4 159.40 15.7 
4s3 3 95.10 1.31 9.59 2.88 238.90 13.1 165.70 16.4 
5s3 1 108.10 1.49 
1.49 
9.90 2.94 
2.94 
238.80 13.1 
13.6 
166.50 16.4 
16.8 5s3 2 100.80 1.39 9.40 2.82 244.70 13.4 161.10 15.7 
5s3 3 114.70 1.60 10.16 3.05 257.80 14.2 186.60 18.2 
6s3 1 220.90 3.03 
2.91 
16.89 5.07 
5.31 
827.80 45.6 
45.8 
598.80 58.7 
57.7 6s3 2 231.00 3.17 16.98 5.09 861.20 47.4 469.30 46.0 
6s3 3 183.00 2.51 19.21 5.76 808.40 44.5 579.60 56.8 
7s3 1 218.10 3.01 
3.28 
18.20 5.46 
5.68 
829.70 45.7 
44.5 
569.00 55.7 
52.3 7s3 2 228.20 3.13 18.46 5.54 771.70 42.5 534.60 52.4 
7s3 3 268.00 3.70 20.10 6.03 822.50 45.3 498.60 48.8 
8s3 1 251.50 3.45 
3.18 
17.18 5.10 
5.42 
804.50 44.3 
44.0 
547.90 54.2 
55.3 8s3 2 230.30 3.15 19.38 5.76 789.20 43.4 564.60 55.9 
8s3 3 213.00 2.92 18.03 5.41 804.10 44.3 563.40 55.7 
9s3 1 195.20 2.68 
3.15 
19.15 5.75 
5.48 
823.10 45.3 
46.4 
570.10 56.4 
53.8 9s3 2 237.60 3.26 17.84 5.35 817.90 45.0 533.10 52.7 
9s3 3 254.80 3.51 17.76 5.33 889.20 49.0 527.70 52.2 
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Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
10s3 1 195.20 2.68 
3.42 
16.76 4.98 
5.08 
696.10 38.3 
38.0 
524.20 51.9 
50.0 10s3 2 227.40 3.12 16.97 5.04 700.20 38.5 486.70 48.1 
10s3 3 270.50 3.71 17.36 5.21 673.90 37.1 504.30 49.9 
11s3 1 174.30 2.41 
2.37 
13.67 4.10 
4.11 
418.90 23.0 
22.3 
266.70 26.6 
27.2 11s3 2 181.90 2.52 12.92 3.88 388.00 21.3 288.20 28.8 
11s3 3 158.20 2.19 14.49 4.35 410.70 22.6 263.70 26.1 
12s3 1 190.60 2.62 
2.64 
14.98 4.49 
4.50 
509.40 28.0 
29.3 
338.30 33.5 
33.5 12s3 2 183.40 2.53 15.21 4.56 532.50 29.3 330.30 33.0 
12s3 3 202.00 2.78 14.77 4.43 552.90 30.4 345.90 34.2 
13s3 1 158.40 2.19 
2.22 
14.29 4.24 
4.04 
474.60 26.1 
25.3 
284.70 27.9 
28.3 13s3 2 155.70 2.16 14.05 4.17 449.70 24.7 290.40 28.7 
13s3 3 166.40 2.31 12.37 3.71 453.20 24.9 289.40 28.3 
14s3 1 160.10 2.24 
2.11 
13.13 3.90 
4.02 
456.50 25.1 
24.5 
274.20 27.1 
27.0 14s3 2 160.10 2.22 14.11 4.19 436.40 24.0 274.20 27.1 
14s3 3 134.00 1.86 13.37 3.97 442.40 24.3 270.40 26.7 
15s3 1 157.70 2.19 
2.07 
13.85 4.16 
4.09 
467.00 25.7 
24.6 
275.80 27.5 
28.4 15s3 2 138.70 1.92 13.36 3.93 440.40 24.2 293.80 29.3 
15s3 3 151.10 2.09 14.09 4.19 433.60 23.9 286.10 28.3 
16s3 1 274.50 3.78 
3.43 
20.42 6.07 
5.71 
664.00 36.5 
37.3 
491.00 48.6 
49.1 16s3 2 223.60 3.08 18.67 5.55 698.90 38.5 501.10 49.6 
16s3 3 249.60 3.43 18.57 5.52 668.90 36.8 496.60 49.1 
17s3 1 264.50 3.64 
3.64 
18.32 5.39 
5.30 
679.90 37.4 
37.2 
495.80 49.0 
48.9 17s3 2 262.20 3.60 17.51 5.15 675.60 37.2 499.30 49.4 
17s3 3 267.80 3.68 18.10 5.38 670.60 36.9 488.00 48.3 
18s3 1 218.40 3.01 
3.08 
18.00 5.35 
5.50 
643.60 35.4 
34.9 
402.20 39.8 
45.1 18s3 2 216.20 2.99 18.23 5.41 419.80 23.1 482.60 47.7 
18s3 3 233.30 3.24 19.08 5.72 625.10 34.4 482.10 47.7 
19s3 1 280.00 3.84 
3.85 
18.00 5.35 
5.58 
747.90 41.2 
41.0 
525.70 52.5 
52.3 19s3 2 275.00 3.76 18.78 5.58 731.00 40.2 509.80 50.4 
19s3 3 288.00 3.95 19.55 5.81 757.00 41.7 544.60 53.9 
20s3 1 285.40 3.93 
3.85 
19.44 5.83 
5.69 
709.00 39.0 
39.4 
514.10 51.4 
50.5 20s3 2 267.80 3.68 19.40 5.76 716.40 39.4 503.00 50.3 
20s3 3 285.90 3.93 18.48 5.49 722.10 39.7 504.20 49.9 
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Table B.4:  NSC data set generated from Senussi’s (2004) investigation 
Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
1s4 1 161.60 2.23 
2.09 
14.76 4.38 
3.82 
337.40 18.5 
18.1 
227.00 22.4 
22.0 1s4 2 148.30 2.04 11.96 3.55 328.50 18.1 221.30 21.9 
1s4 3 146.40 2.01 11.72 3.52 323.40 17.8 218.90 21.6 
2s4 1 150.70 2.08 
2.15 
10.65 3.20 
3.31 
336.30 18.5 
18.3 
201.10 19.9 
21.1 2s4 2 154.90 2.14 12.38 3.68 326.80 18.0 218.20 21.6 
2s4 3 162.70 2.24 10.30 3.06 336.60 18.5 220.60 22.0 
3s4 1 172.50 2.38 
2.34 
13.25 3.98 
3.92 
370.00 20.3 
19.7 
220.80 22.0 
22.4 3s4 2 174.30 2.40 12.35 3.71 342.90 18.9 226.70 22.4 
3s4 3 163.20 2.25 13.77 4.09 361.30 19.9 227.10 22.7 
4s4 1 180.20 2.49 
2.56 
12.02 3.57 
3.99 
410.80 22.6 
21.9 
259.60 25.7 
24.8 4s4 2 194.70 2.68 13.70 4.11 380.20 20.9 239.90 23.9 
4s4 3 181.60 2.51 14.45 4.29 404.50 22.2 249.70 24.7 
5s4 1 177.10 2.43 
2.55 
14.98 4.45 
4.27 
435.00 23.9 
22.8 
270.30 26.7 
26.5 5s4 2 186.00 2.55 14.02 4.16 416.50 22.9 264.70 26.2 
5s4 3 194.80 2.68 14.08 4.18 394.30 21.7 269.50 26.6 
6s4 1 235.00 3.24 
3.00 
15.59 4.68 
5.02 
430.70 23.7 
24.4 
333.60 33.3 
32.5 6s4 2 197.10 2.72 17.88 5.36 468.20 25.8 325.50 32.2 
6s4 3 220.70 3.04 11.28 3.38 433.30 23.8 323.40 32.0 
7s4 1 246.80 3.41 
3.05 
13.45 4.00 
4.22 
398.90 21.9 
27.0 
352.40 35.2 
34.9 7s4 2 201.90 2.77 15.35 4.56 488.70 26.9 344.90 34.4 
7s4 3 215.10 2.96 13.70 4.11 492.50 27.1 350.40 35.0 
8s4 1 217.90 3.00 
2.77 
10.54 3.13 
3.33 
453.60 25.0 
23.5 
286.40 28.6 
30.5 8s4 2 214.70 2.95 11.08 3.32 436.10 24.0 315.90 31.5 
8s4 3 170.40 2.35 11.94 3.55 393.80 21.7 314.20 31.4 
9s4 1 181.60 2.49 
2.48 
14.05 4.22 
4.19 
399.00 21.9 
22.1 
311.30 31.1 
30.4 9s4 2 171.90 2.36 13.87 4.16 400.70 22.0 304.80 30.4 
9s4 3 188.60 2.59 14.01 4.20 403.30 22.2 298.10 29.8 
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Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
10s4 1 200.20 2.75 
2.70 
15.23 4.52 
4.06 
393.00 21.6 
20.2 
305.80 30.2 
30.2 10s4 2 181.00 2.49 12.61 3.75 341.50 18.8 301.90 30.1 
10s4 3 208.30 2.86 13.15 3.91 453.10 24.9 305.40 30.2 
11s4 1 223.80 3.07 
2.85 
14.78 4.39 
4.44 
550.80 30.3 
30.1 
387.50 38.3 
38.6 11s4 2 198.50 2.73 15.97 4.74 538.50 29.6 380.50 37.6 
11s4 3 200.70 2.76 14.00 4.20 554.10 30.5 402.40 39.8 
12s4 1 218.50 3.01 
3.02 
15.81 4.70 
4.73 
514.50 28.3 
29.3 
409.90 40.5 
39.0 12s4 2 199.90 2.75 16.22 4.82 537.60 29.6 384.20 38.4 
12s4 3 241.10 3.31 15.76 4.68 546.30 30.1 385.80 38.2 
13s4 1 211.00 2.90 
3.03 
15.87 4.76 
4.76 
567.30 31.2 
30.6 
401.50 40.1 
40.1 13s4 2 232.00 3.20 16.35 4.91 572.60 31.5 410.90 41.0 
13s4 3 219.00 3.01 15.34 4.60 528.30 29.1 395.30 39.1 
14s4 1 195.30 2.69 
3.00 
13.90 4.17 
4.15 
511.80 28.2 
27.2 
381.30 37.7 
38.1 14s4 2 240.70 3.32 14.36 4.31 475.40 26.2 368.90 36.5 
14s4 3 216.40 2.98 13.22 3.97 494.70 27.2 404.10 40.0 
15s4 1 236.30 3.24 
3.19 
15.27 4.58 
4.69 
555.70 30.6 
29.9 
420.10 42.0 
41.6 15s4 2 207.70 2.85 14.39 4.32 526.10 28.9 414.70 41.4 
15s4 3 252.40 3.47 17.24 5.17 549.30 30.2 414.60 41.4 
16s4 1 216.60 2.97 
3.11 
14.03 4.17 
4.41 
636.40 35.0 
33.7 
494.00 49.4 
50.2 16s4 2 220.00 3.02 14.97 4.45 630.50 34.7 496.70 49.6 
16s4 3 242.90 3.34 15.51 4.61 571.40 31.4 517.50 51.7 
17s4 1 221.00 3.03 
2.87 
15.36 4.56 
4.59 
640.10 35.2 
33.8 
486.40 48.6 
48.6 17s4 2 194.10 2.67 14.82 4.40 553.40 30.5 485.90 48.5 
17s4 3 212.40 2.92 16.05 4.82 647.00 35.6 486.00 48.6 
18s4 1 194.40 2.68 
2.80 
16.31 4.84 
4.77 
628.10 34.6 
32.4 
513.50 50.8 
50.4 18s4 2 210.90 2.91 16.50 4.90 551.20 30.3 490.20 49.0 
18s4 3 204.10 2.81 15.22 4.57 586.30 32.3 513.90 51.3 
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Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
19s4 1 209.00 2.87 
2.98 
15.64 4.65 
4.86 
653.80 36.0 
34.8 
496.70 49.6 
49.1 19s4 2 209.90 2.88 16.73 5.02 594.20 32.7 507.10 50.7 
19s4 3 231.20 3.17 16.58 4.92 649.60 35.8 469.50 46.9 
20s4 1 204.70 2.81 
2.86 
16.71 5.01 
4.84 
647.40 35.6 
32.5 
431.30 42.7 
48.0 20s4 2 233.70 3.21 14.16 4.25 552.50 30.4 500.80 50.0 
20s4 3 187.00 2.57 17.53 5.26 572.30 31.5 513.20 51.3 
21s4 1 210.90 2.90 
3.23 
16.82 5.05 
5.61 
803.30 44.2 
36.1 
518.70 51.8 
53.4 21s4 2 253.30 3.48 20.00 6.00 637.30 35.1 548.50 54.8 
21s4 3 242.00 3.32 19.31 5.79 675.00 37.2 537.40 53.7 
22s4 1 203.30 2.79 
3.16 
20.50 6.15 
5.40 
748.60 41.2 
39.0 
533.20 53.3 
53.0 22s4 2 249.70 3.43 16.75 5.03 659.70 36.3 520.50 52.0 
22s4 3 237.60 3.26 16.72 5.02 719.90 39.6 536.30 53.6 
23s4 1 219.40 3.01 
3.18 
18.55 5.57 
5.42 
771.20 42.5 
41.8 
526.00 52.6 
52.8 23s4 2 225.20 3.09 19.49 5.85 591.00 32.5 495.70 49.5 
23s4 3 251.10 3.45 16.18 4.85 748.70 41.2 564.20 56.4 
24s4 1 223.10 3.06 
3.27 
18.90 5.67 
5.92 
706.00 38.9 
38.5 
522.80 52.2 
55.5 24s4 2 251.40 3.45 20.31 6.09 648.50 35.7 566.90 56.6 
24s4 3 240.20 3.30 19.97 5.99 742.00 40.8 575.30 57.5 
25s4 1 242.90 3.34 
3.23 
20.16 6.05 
5.62 
791.30 43.6 
41.1 
549.10 54.9 
53.6 25s4 2 230.30 3.16 18.55 5.57 681.10 37.5 508.30 50.8 
25s4 3 233.20 3.20 17.52 5.26 765.00 42.1 551.10 55.1 
26s4 1 254.20 3.49 
3.28 
18.94 5.68 
5.98 
820.30 45.2 
45.3 
586.80 58.6 
59.9 26s4 2 244.80 3.36 20.32 6.10 651.10 35.8 596.00 59.6 
26s4 3 216.80 2.98 20.50 6.15 823.70 45.3 616.80 61.6 
27s4 1 276.90 3.80 
3.49 
19.33 5.80 
6.01 
798.20 43.9 
43.8 
555.80 55.5 
57.6 27s4 2 238.30 3.27 21.60 6.48 655.00 36.1 584.90 58.4 
27s4 3 246.70 3.39 19.18 5.75 792.90 43.7 588.40 58.8 
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Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
28s4 1 270.90 3.72 
3.43 
21.20 6.36 
6.43 
788.10 43.4 
44.7 
578.10 57.8 
58.0 28s4 2 229.20 3.15 20.48 6.14 628.80 34.6 590.90 59.0 
28s4 3 248.70 3.42 22.60 6.78 836.30 46.0 571.40 57.1 
29s4 1 284.70 3.91 
3.62 
19.63 5.89 
6.13 
798.70 44.0 
44.5 
636.40 63.6 
62.6 29s4 2 247.80 3.40 21.20 6.36 639.80 35.2 624.50 62.4 
29s4 3 258.80 3.55 20.50 6.15 819.60 45.1 618.90 61.8 
30s4 1 238.70 3.28 
3.26 
20.49 6.15 
6.19 
787.60 43.4 
42.9 
612.30 61.2 
60.1 30s4 2 260.30 3.57 21.10 6.33 612.70 33.7 620.10 62.0 
30s4 3 212.50 2.92 20.29 6.09 771.80 42.5 571.40 57.1 
31s4 1 258 3.54 
3.62 
22.3 6.69 
6.87 
735 40.5 
41.0 
656.9 65.6 
65.5 31s4 2 258.6 3.55 20.49 6.15 687.8 37.9 660.4 66.0 
31s4 3 274.1 3.76 25.9 7.77 811.3 44.7 649.4 64.9 
32s4 1 263.7 3.62 
3.54 
26.4 7.92 
7.48 
743.5 40.9 
42.4 
656.9 65.6 
66.2 32s4 2 250.4 3.44 23.2 6.96 755.1 41.6 658.3 65.8 
32s4 3 259.3 3.56 25.2 7.56 812.4 44.7 670.9 67.0 
33s4 1 245.9 3.38 
3.36 
23.7 7.11 
6.50 
710.1 39.1 
39.1 
619.6 61.9 
60.1 33s4 2 263 3.61 20.8 6.24 642.8 35.4 612 61.2 
33s4 3 224.7 3.09 20.5 6.15 780 42.9 572.4 57.2 
34s4 1 260.9 3.58 
3.66 
22 6.60 
6.84 
787.6 43.4 
46.5 
661.4 66.1 
67.0 34s4 2 281.1 3.86 11.14 3.34 661.5 36.4 697.6 69.7 
34s4 3 257.7 3.54 23.6 7.08 903 49.7 651 65.1 
35s4 1 267.6 3.67 
3.54 
21.8 6.54 
6.22 
790.8 43.5 
44.3 
619.6 61.9 
63.2 35s4 2 250.6 3.44 21.2 6.36 510.3 28.1 643.2 64.3 
35s4 3 255.1 3.50 19.24 5.77 819.9 45.1 635.9 63.5 
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Table B.5:  NSC data set generated from Senussi’s (2004) investigation 
Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
1s61 173.90 2.39 
2.51 
12.75 3.83 
3.88 
296.40 16.3 
21.7 
282.50 27.9 
27.7 1s62 176.00 2.42 13.13 3.94 418.60 23.0 282.00 28.2 
1s63 197.60 2.71 12.93 3.88 369.90 20.3 274.00 27.1 
2s61 138.50 1.90 
1.78 
11.29 3.39 
3.27 
296.30 16.3 
15.7 
215.10 21.5 
21.3 2s62 123.50 1.70 10.10 3.03 288.60 15.9 219.90 21.9 
2s63 127.10 1.74 11.27 3.38 274.00 15.1 205.60 20.5 
3s61 160.40 2.20 
1.72 
11.18 3.35 
3.38 
287.20 15.8 
16.3 
209.40 20.9 
21.2 3s62 136.10 1.87 10.62 3.19 284.60 15.6 209.50 20.9 
3s63 115.00 1.58 12.01 3.60 315.40 17.3 219.00 21.9 
4s61 115.10 1.58 
1.54 
8.93 2.68 
2.63 
209.10 11.5 
12.1 
155.60 15.5 
15.8 4s62 108.70 1.49 8.82 2.65 227.20 12.5 169.30 16.9 
4s63 112.50 1.54 8.59 2.58 223.70 12.3 151.00 15.1 
5s61 134.00 1.84 
1.96 
11.64 3.49 
3.62 
316.10 17.4 
17.2 
235.10 23.5 
23.7 5s62 148.30 2.04 12.02 3.61 284.60 15.6 239.30 23.9 
5s63 146.80 2.02 12.53 3.76 336.10 18.5 237.60 23.7 
6s61 216.10 2.97 
3.19 
16.27 4.88 
4.90 
431.50 23.7 
30.5 
410.80 41.0 
41.3 6s62 227.40 3.12 16.32 4.90 558.40 30.7 409.00 40.9 
6s63 253.30 3.48 16.44 4.93 551.00 30.3 420.60 42.0 
7s61 221.80 3.05 
3.00 
16.20 4.86 
4.82 
516.80 28.4 
28.7 
391.50 39.1 
38.9 7s62 216.70 2.98 15.42 4.63 523.50 28.8 382.90 38.2 
7s63 216.00 2.97 16.58 4.97 523.00 28.8 395.20 39.5 
8s61 204.50 2.81 
2.81 
16.74 5.02 
4.65 
504.20 27.7 
27.0 
399.70 39.9 
39.4 8s62 207.10 2.84 14.87 4.46 513.70 28.3 384.00 38.4 
8s63 202.40 2.78 14.90 4.47 453.50 24.9 401.00 40.1 
9s61 201.90 2.77 
2.87 
15.17 4.55 
4.79 
501.60 27.6 
27.5 
388.10 38.8 
40.0 9s62 215.90 2.96 16.89 5.07 501.30 27.6 406.40 40.6 
9s63 213.70 2.93 15.86 4.76 498.00 27.4 406.10 40.6 
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Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
10s61 208.10 2.86 
2.93 
16.54 4.96 
4.68 
482.50 26.5 
28.0 
378.60 37.8 
38.7 10s62 220.90 3.03 15.79 4.74 530.50 29.2 391.30 39.1 
10s63 211.20 2.90 14.47 4.34 513.00 28.2 392.10 39.2 
11s61 245.00 3.36 
3.10 
16.53 4.96 
5.08 
668.30 36.8 
35.4 
491.50 49.1 
47.8 11s62 191.50 2.63 17.27 5.18 596.30 32.8 465.40 46.5 
11s63 240.80 3.31 16.96 5.09 665.70 36.6 477.50 47.7 
12s61 225.60 3.10 
3.25 
17.47 5.24 
5.04 
666.40 36.7 
36.8 
500.00 50.0 
48.8 12s62 249.90 3.43 16.84 5.05 650.60 35.8 475.90 47.5 
12s63 235.50 3.23 16.12 4.84 688.30 37.9 489.60 48.9 
13s61 247.20 3.39 
3.21 
17.62 5.29 
5.05 
665.70 36.6 
36.4 
484.80 48.4 
48.7 13s62 208.70 2.87 16.61 4.98 656.80 36.2 487.00 48.7 
13s63 245.00 3.36 16.30 4.89 660.90 36.4 489.80 48.9 
14s61 243.10 3.34 
3.43 
17.99 5.40 
5.12 
682.90 37.6 
36.4 
471.60 47.1 
48.6 14s62 260.20 3.57 17.38 5.21 660.60 36.4 482.00 48.2 
14s63 247.10 3.39 15.81 4.74 641.50 35.3 504.30 50.4 
15s61 254.10 3.49 
3.32 
19.43 5.83 
5.50 
705.60 38.8 
37.2 
490.10 49.0 
48.0 15s62 241.70 3.32 18.48 5.54 692.90 38.1 475.40 47.5 
15s63 230.50 3.17 17.04 5.11 627.80 34.6 477.10 47.7 
16s61 269.50 3.70 
3.63 
19.47 5.84 
5.89 
815.50 44.9 
43.5 
535.30 53.5 
54.4 16s62 276.20 3.79 18.17 5.45 764.80 42.1 545.40 54.5 
16s63 247.60 3.40 21.30 6.39 656.00 36.1 551.60 55.1 
17s61 264.10 3.63 
3.73 
21.80 6.54 
6.20 
809.70 44.6 
43.0 
500.90 50.0 
52.9 17s62 274.30 3.77 19.27 5.78 821.40 45.2 538.30 53.8 
17s63 275.70 3.79 20.90 6.27 711.00 39.1 548.10 54.8 
18s61 270.30 3.71 
3.77 
19.72 5.92 
5.77 
757.20 41.7 
41.8 
428.00 42.8 
54.8 18s62 282.20 3.88 19.08 5.72 771.00 42.4 549.10 54.9 
18s63 270.60 3.72 18.86 5.66 750.30 41.3 548.60 54.8 
19s61 257.60 3.54 
3.63 
18.99 5.70 
5.58 
822.40 45.3 
43.6 
519.20 51.9 
51.5 19s62 272.60 3.74 16.72 5.02 753.20 41.5 497.00 49.7 
19s63 262.00 3.60 20.05 6.02 797.80 43.9 530.40 53.0 
20s61 254.30 3.49 
3.54 
18.76 5.63 
5.14 
838.70 46.2 
44.0 
504.40 50.4 
51.0 20s62 266.10 3.65 15.37 4.61 763.10 42.0 530.00 53.0 
20s63 254.00 3.49 17.22 5.17 797.00 43.9 496.20 49.6 
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Table B.6:  NSC data set generated from Senussi’s (2004) investigation 
Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
1s71 132.90 1.82 
1.92 
11.43 3.43 
3.57 
312.00 17.1 
16.9 
181.50 18.1 
18.3 1s72 135.70 1.86 11.60 3.48 301.00 16.5 190.70 19.0 
1s73 150.40 2.07 12.66 3.80 311.90 17.1 179.30 17.9 
2s71 184.80 2.54 
2.39 
13.61 4.08 
4.00 
393.80 21.7 
20.9 
236.10 23.6 
23.7 2s72 181.70 2.50 13.10 3.93 384.30 21.1 235.00 23.5 
2s73 155.70 2.14 13.33 4.00 364.70 20.1 239.90 23.9 
3s71 160.30 2.20 
2.28 
12.12 3.64 
3.98 
351.90 19.3 
20.6 
243.20 24.3 
24.2 3s72 163.40 2.24 15.19 4.56 371.10 20.4 239.50 23.9 
3s73 175.20 2.41 12.52 3.76 399.40 22.0 244.40 24.4 
4s71 172.70 2.37 
2.32 
13.85 4.16 
4.12 
389.30 21.4 
21.9 
232.40 23.2 
23.1 4s72 165.50 2.27 13.84 4.15 394.40 21.7 228.90 22.8 
4s73 169.70 2.33 13.46 4.04 413.60 22.7 233.70 23.3 
5s71 176.80 2.43 
2.34 
13.36 4.01 
3.83 
381.70 21.0 
20.9 
230.70 23.0 
23.0 5s72 172.20 2.36 11.68 3.50 364.60 20.0 227.50 22.7 
5s73 162.30 2.23 13.28 3.98 392.60 21.6 232.50 23.2 
6s71 221.50 3.04 
2.78 
14.31 4.29 
4.38 
542.20 29.8 
29.0 
338.90 33.8 
34.4 6s72 191.00 2.62 15.49 4.65 521.20 28.7 344.00 34.4 
6s73 194.40 2.67 13.98 4.19 515.80 28.4 351.10 35.1 
7s71 201.90 2.77 
2.96 
15.66 4.70 
4.55 
564.60 31.1 
30.1 
347.90 34.7 
34.7 7s72 232.90 3.20 15.21 4.56 542.10 29.8 349.50 34.9 
7s73 212.50 2.92 14.61 4.38 535.70 29.5 345.20 34.5 
8s71 197.60 2.71 
2.86 
15.18 4.55 
4.38 
530.50 29.2 
27.5 
352.70 35.2 
35.6 8s72 219.20 3.01 14.91 4.47 469.70 25.8 359.40 35.9 
8s73 207.40 2.85 13.69 4.11 498.20 27.4 357.30 35.7 
9s71 190.70 2.62 
2.77 
15.32 4.60 
4.31 
516.10 28.4 
28.2 
325.20 32.5 
32.4 9s72 198.10 2.72 14.17 4.25 504.60 27.8 328.80 32.8 
9s73 215.70 2.96 13.64 4.09 516.70 28.4 317.90 31.7 
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Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
10s71 220.30 3.03 
2.80 
15.87 4.76 
4.42 
534.90 29.4 
27.3 
313.50 31.3 
31.6 10s72 183.00 2.51 14.24 4.27 511.50 28.1 304.40 30.4 
10s73 209.20 2.87 14.07 4.22 443.90 24.4 331.90 33.1 
11s71 208.30 2.86 
3.12 
17.17 5.15 
4.98 
672.50 37.0 
36.1 
394.70 39.4 
39.8 11s72 240.50 3.30 15.97 4.79 624.80 34.4 401.80 40.1 
11s73 232.30 3.19 16.62 4.99 669.90 36.9 397.40 39.7 
12s71 243.70 3.35 
3.21 
16.88 5.06 
5.05 
630.10 34.7 
34.5 
407.20 40.7 
41.4 12s72 229.30 3.15 18.45 5.54 593.40 32.7 418.40 41.8 
12s73 228.30 3.14 15.13 4.54 658.00 36.2 418.90 41.8 
13s71 242.30 3.33 
3.34 
18.12 5.44 
4.88 
682.40 37.6 
35.2 
424.10 42.4 
41.7 13s72 231.30 3.18 15.54 4.66 582.70 32.1 415.50 41.5 
13s73 256.10 3.52 15.09 4.53 654.50 36.0 411.60 41.1 
14s71 229.40 3.15 
3.27 
16.26 4.88 
4.94 
684.70 37.7 
35.8 
421.50 42.1 
42.2 14s72 251.50 3.45 15.93 4.78 620.90 34.2 414.10 41.4 
14s73 233.50 3.21 17.23 5.17 646.90 35.6 430.60 43.0 
15s71 245.70 3.37 
3.43 
18.13 5.44 
5.28 
692.10 38.1 
36.5 
424.90 42.4 
43.7 15s72 235.40 3.23 17.75 5.33 632.90 34.8 448.00 44.8 
15s73 267.70 3.68 16.89 5.07 663.40 36.5 439.90 43.9 
16s71 237.10 3.26 
3.39 
17.53 5.26 
5.31 
703.50 38.7 
39.0 
498.30 49.8 
50.6 16s72 261.90 3.60 17.37 5.21 687.40 37.8 502.90 50.2 
16s73 241.40 3.31 18.20 5.46 734.00 40.4 518.70 51.8 
17s71 260.00 3.57 
3.18 
16.77 5.03 
5.06 
723.30 39.8 
38.1 
498.30 49.8 
47.3 17s72 217.30 2.98 16.27 4.88 660.30 36.3 460.70 46.0 
17s73 217.90 2.99 17.51 5.25 521.20 28.7 461.30 46.1 
18s71 244.10 3.35 
3.49 
18.50 5.55 
5.64 
737.50 40.6 
39.3 
513.10 51.3 
50.9 18s72 264.60 3.63 19.04 5.71 678.10 37.3 518.60 51.8 
18s73 253.60 3.48 18.87 5.66 727.70 40.1 496.30 49.6 
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Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
19s71 239.90 3.29 
3.47 
19.17 5.75 
5.81 
723.90 39.8 
38.9 
481.80 48.1 
50.1 19s72 257.40 3.53 19.89 5.97 680.40 37.5 504.90 50.4 
19s73 260.50 3.58 19.00 5.70 716.80 39.5 517.30 51.7 
20s71 231.40 3.18 
3.21 
18.30 5.49 
5.30 
770.20 42.4 
40.6 
479.10 47.9 
47.9 20s72 248.70 3.42 17.50 5.25 709.60 39.1 480.90 48.0 
20s73 221.40 3.04 17.22 5.17 733.90 40.4 477.10 47.7 
21s7 1 298.30 4.10 
4.10 
22.70 6.81 
6.40 
920.00 50.7 
51.6 
621.50 62.1 
62.0 21s7 2 313.30 4.30 20.02 6.01 812.60 44.7 604.20 60.4 
21s7 3 283.40 3.89 21.30 6.39 953.20 52.5 634.90 63.4 
22s7 1 247.70 3.40 
3.96 
20.26 6.08 
6.13 
874.20 48.1 
49.0 
609.30 60.9 
61.9 22s7 2 309.60 4.25 21.20 6.36 700.40 38.6 616.80 61.6 
22s7 3 307.30 4.22 19.81 5.94 907.20 49.9 630.80 63.0 
23s7 1 260.30 3.57 
3.68 
20.33 6.10 
6.10 
917.50 50.5 
46.8 
605.60 60.5 
61.1 23s7 2 290.50 3.99 20.05 6.02 762.50 42.0 615.80 61.5 
23s7 3 254.00 3.49 20.60 6.18 872.30 48.0 611.50 61.1 
24s7 1 255.90 3.51 
3.54 
20.50 6.15 
6.21 
935.30 51.5 
47.9 
598.20 59.8 
60.0 24s7 2 250.80 3.44 20.18 6.05 839.40 46.2 599.10 59.9 
24s7 3 266.20 3.66 21.40 6.42 836.50 46.1 604.80 60.4 
25s7 1 261.30 3.59 
3.46 
20.20 6.06 
6.05 
884.10 48.7 
47.4 
612.30 61.2 
60.7 25s7 2 244.80 3.36 19.64 5.89 775.40 42.7 608.00 60.8 
25s7 3 249.00 3.42 20.70 6.21 923.50 50.8 600.70 60.0 
26s7 1 286.80 3.94 
4.06 
23.90 7.17 
6.92 
975.00 53.7 
54.4 
688.40 68.8 
67.9 26s7 2 306.00 4.20 23.40 7.02 968.00 53.3 677.60 67.7 
26s7 3 293.50 4.03 21.90 6.57 1020.00 56.2 673.50 67.3 
27s7 1 307.90 4.23 
4.15 
24.30 7.29 
7.06 
950.30 52.3 
52.4 
646.20 64.6 
67.5 27s7 2 293.30 4.03 21.90 6.57 956.00 52.6 692.50 69.2 
27s7 3 304.40 4.18 24.40 7.32 949.60 52.3 688.10 68.8 
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Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
28s7 1 272.20 3.74 
4.20 
25.10 7.53 
6.9 
973.00 53.6 
53.1 
697.90 69.7 
70.5 28s7 2 329.80 4.53 22.30 6.69 920.20 50.7 699.60 69.9 
28s7 3 316.00 4.34 22.00 6.60 1002.00 55.2 719.90 71.9 
29s7 1 270.60 3.72 
3.98 
22.90 6.87 
7.3 
989.00 54.5 
53.7 
715.80 71.5 
67.9 29s7 2 316.10 4.34 26.10 7.83 987.00 54.3 651.90 65.1 
29s7 3 283.50 3.89 24.70 7.41 949.10 52.3 671.10 67.1 
30s7 1 312.10 4.29 
4.02 
23.40 7.02 
6.9 
994.00 54.7 
53.9 
626.80 62.6 
62.9 30s7 2 275.30 3.78 22.40 6.72 962.00 53.0 635.60 63.5 
30s7 3 290.40 3.99 23.60 7.08 983.00 54.1 624.70 62.4 
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Table B.7:  NSC data set generated from Senussi’s (2004) investigation 
Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
1s8 1 198.70 2.73 
2.61 
14.74 4.42 
4.12 
408.90 22.5 
20.6 
252.50 25.2 
25.2 1s8 2 185.00 2.54 12.76 3.83 370.10 20.4 254.30 25.4 
1s8 3 187.00 2.57 13.72 4.12 345.70 19.0 251.50 25.1 
2s8 1 175.20 2.41 
2.67 
13.90 4.17 
4.05 
390.10 21.5 
22.2 
241.20 24.1 
25.0 2s8 2 202.30 2.78 13.19 3.96 403.30 22.2 261.50 26.1 
2s8 3 205.40 2.82 13.41 4.02 417.90 23.0 248.70 24.8 
3s8 1 190.20 2.61 
2.54 
13.52 4.06 
4.13 
433.00 23.8 
23.5 
257.70 25.7 
25.6 3s8 2 183.10 2.51 13.10 3.93 410.80 22.6 259.50 25.9 
3s8 3 181.90 2.50 14.64 4.39 437.30 24.1 253.50 25.3 
4s8 1 202.10 2.78 
2.76 
14.52 4.36 
4.51 
457.60 25.2 
23.7 
261.10 26.1 
26.6 4s8 2 219.70 3.02 15.47 4.64 428.00 23.5 270.90 27.0 
4s8 3 181.10 2.49 15.14 4.54 405.70 22.3 268.00 26.8 
5s8 1 182.00 2.50 
2.40 
14.73 4.42 
4.31 
416.50 22.9 
22.4 
246.10 24.6 
25.1 5s8 2 176.80 2.43 12.39 3.72 421.20 23.2 254.60 25.4 
5s8 3 166.40 2.29 16.00 4.80 386.50 21.3 254.70 25.4 
6s8 1 239.40 3.29 
3.04 
17.75 5.33 
5.04 
563.10 31.0 
31.4 
350.40 35.0 
35.2 6s8 2 216.00 2.97 17.27 5.18 552.80 30.4 355.80 35.5 
6s8 3 208.20 2.86 15.37 4.61 594.60 32.7 352.50 35.2 
7s8 1 226.20 3.11 
3.10 
16.37 4.91 
4.93 
591.30 32.5 
33.0 
370.40 37.0 
36.5 7s8 2 223.80 3.07 16.05 4.82 588.50 32.4 367.10 36.7 
7s8 3 228.20 3.13 16.84 5.05 617.00 34.0 357.70 35.7 
8s8 1 227.00 3.12 
3.06 
15.68 4.70 
4.58 
609.90 33.6 
33.3 
401.40 40.1 
40.1 8s8 2 230.10 3.16 15.94 4.78 590.30 32.5 400.50 40.0 
8s8 3 212.40 2.92 14.14 4.24 617.50 34.0 401.40 40.1 
9s8 1 189.90 2.61 
2.82 
16.11 4.83 
4.80 
573.10 31.5 
31.2 
356.80 35.6 
36.0 9s8 2 217.20 2.98 16.07 4.82 422.40 23.2 358.60 35.8 
9s8 3 209.60 2.88 15.78 4.73 562.20 30.9 367.20 36.7 
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Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
10s8 1 225.90 3.10 
2.96 
16.50 4.95 
4.78 
611.00 33.6 
32.0 
380.10 38.0 
38.5 10s8 2 218.40 3.00 14.83 4.45 572.40 31.5 395.00 39.5 
10s8 3 201.40 2.77 16.51 4.95 560.00 30.8 380.30 38.0 
11s8 1 221.50 3.04 
3.21 
17.46 5.24 
5.08 
712.70 39.2 
39.6 
479.90 47.9 
46.5 11s8 2 234.30 3.22 15.98 4.79 524.10 28.8 456.20 45.6 
11s8 3 245.70 3.37 17.34 5.20 726.30 40.0 460.60 46.0 
12s8 1 243.90 3.35 
3.44 
18.93 5.68 
5.25 
707.80 39.0 
40.3 
480.40 48.0 
48.3 12s8 2 252.50 3.47 16.81 5.04 595.10 32.8 487.90 48.7 
12s8 3 255.40 3.51 16.74 5.02 755.60 41.6 482.80 48.2 
13s8 1 246.50 3.38 
3.15 
17.53 5.26 
5.15 
725.40 39.9 
40.5 
486.80 48.6 
49.0 13s8 2 233.90 3.21 16.79 5.04 605.60 33.3 488.80 48.8 
13s8 3 207.40 2.85 17.22 5.17 744.30 41.0 495.70 49.5 
14s8 1 243.90 3.35 
3.30 
20.05 6.02 
5.62 
787.60 43.4 
41.5 
479.00 47.9 
47.7 14s8 2 255.60 3.51 18.32 5.50 697.90 38.4 481.00 48.1 
14s8 3 221.20 3.04 17.83 5.35 774.10 42.6 472.60 47.2 
15s8 1 248.70 3.42 
3.11 
18.99 5.70 
5.45 
770.30 42.4 
42.4 
487.50 48.7 
49.2 15s8 2 221.40 3.04 17.72 5.32 487.10 26.8 500.10 50.0 
15s8 3 210.20 2.89 17.78 5.33 770.40 42.4 490.90 49.0 
16s8 1 239.70 3.29 
3.72 
19.77 5.93 
6.00 
884.60 48.7 
47.0 
569.20 56.9 
57.9 16s8 2 298.20 4.09 19.95 5.99 537.20 29.6 580.30 58.0 
16s8 3 274.90 3.77 20.30 6.09 821.80 45.2 589.50 58.9 
17s8 1 293.30 4.03 
3.74 
19.41 5.82 
5.51 
752.70 41.4 
40.9 
506.10 50.6 
50.5 17s8 2 252.40 3.47 17.88 5.36 673.90 37.1 483.40 48.3 
17s8 3 271.40 3.73 17.78 5.33 802.20 44.2 525.60 52.5 
18s8 1 249.50 3.43 
3.44 
19.50 5.85 
5.66 
814.00 44.8 
41.5 
579.90 57.9 
57.5 18s8 2 244.00 3.35 19.40 5.82 730.30 40.2 582.20 58.2 
18s8 3 258.00 3.54 17.68 5.30 715.10 39.4 562.90 56.2 
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Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
19s8 1 262.70 3.61 
3.45 
17.52 5.26 
5.33 
773.70 42.6 
42.2 
576.30 57.6 
56.2 19s8 2 220.10 3.02 17.65 5.30 709.40 39.0 557.30 55.7 
19s8 3 271.50 3.73 18.17 5.45 816.50 45.0 555.00 55.5 
20s8 1 283.30 3.89 
3.67 
17.61 5.28 
5.34 
820.20 45.2 
43.9 
550.40 55.0 
55.0 20s8 2 191.90 2.64 18.08 5.42 738.60 40.7 545.20 54.5 
20s8 3 250.80 3.44 17.74 5.32 833.00 45.9 556.90 55.6 
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Table B.8:  NSC data set generated from Senussi’s (2004) investigation 
Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
1s9 1 181.60 2.49 
2.42 
13.27 3.98 
4.19 
357.50 19.7 
19.4 
207.10 20.7 
20.6 1s9 2 176.70 2.43 13.95 4.19 336.10 18.5 202.40 20.2 
1s9 3 170.10 2.34 14.67 4.40 363.70 20.0 209.60 20.9 
2s9 1 192.60 2.64 
2.52 
14.10 4.23 
4.31 
380.10 20.9 
21.2 
215.10 21.5 
22.0 2s9 2 187.70 2.58 14.61 4.38 393.90 21.7 219.10 21.9 
2s9 3 169.20 2.32 14.41 4.32 383.10 21.1 227.50 22.7 
3s9 1 152.00 2.09 
2.23 
14.46 4.34 
4.14 
370.00 20.3 
21.0 
210.20 21.0 
21.1 3s9 2 149.30 2.05 14.05 4.22 386.10 21.2 209.10 20.9 
3s9 3 186.70 2.56 12.92 3.88 389.30 21.4 214.30 21.4 
4s9 1 166.10 2.28 
2.39 
14.56 4.37 
4.14 
399.70 22.0 
21.6 
225.80 22.5 
22.4 4s9 2 177.00 2.43 13.74 4.12 381.90 21.05 226.00 22.6 
4s9 3 178.90 2.46 13.08 3.92 398.70 21.9 220.10 22.0 
5s9 1 171.00 2.35 
2.44 
14.59 4.38 
4.31 
369.60 20.3 
20.6 
211.40 21.1 
21.1 5s9 2 192.80 2.65 14.45 4.34 386.40 21.2 209.80 20.9 
5s9 3 169.60 2.33 14.05 4.22 367.00 20.2 212.20 21.2 
6s9 1 234.70 3.22 
2.96 
15.65 4.70 
4.95 
542.40 29.8 
29.1 
295.50 29.5 
29.8 6s9 2 211.00 2.90 16.98 5.09 512.00 28.2 297.20 29.7 
6s9 3 201.40 2.77 16.85 5.06 534.30 29.4 303.70 30.3 
7s9 1 203.40 2.79 
2.76 
16.34 4.90 
4.64 
535.90 29.5 
29.2 
312.50 31.2 
30.6 7s9 2 200.50 2.75 15.72 4.72 532.10 29.3 308.30 30.8 
7s9 3 199.10 2.73 14.35 4.31 525.70 28.9 299.80 29.9 
8s9 1 209.50 2.88 
2.80 
17.27 5.18 
4.85 
486.60 26.8 
26.7 
300.00 30.0 
29.5 8s9 2 205.00 2.82 14.61 4.38 492.70 27.1 296.70 29.6 
8s9 3 197.60 2.71 16.61 4.98 478.30 26.3 290.10 29.0 
9s9 1 207.50 2.85 
2.91 
16.40 4.92 
5.00 
526.10 28.9 
27.9 
320.80 32.0 
32.3 9s9 2 221.70 3.04 15.92 4.78 478.70 26.3 321.20 32.1 
9s9 3 205.70 2.82 17.63 5.29 516.80 28.4 328.10 32.8 
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Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
10s9 1 203.20 2.79 
2.80 
15.75 4.73 
4.68 
502.10 27.6 
27.4 
291.70 29.1 
29.2 10s9 2 215.60 2.96 16.26 4.88 496.90 27.3 289.90 28.9 
10s9 3 192.60 2.64 14.76 4.43 493.10 27.1 294.60 29.4 
11s9 1 247.30 3.40 
3.43 
17.22 5.17 
5.19 
661.50 36.4 
36.4 
395.90 39.5 
39.6 11s9 2 251.70 3.46 16.28 4.88 647.00 35.6 392.30 39.2 
11s9 3 249.60 3.43 18.40 5.52 677.90 37.3 399.80 39.9 
12s9 1 223.30 3.07 
3.19 
18.91 5.67 
5.46 
676.40 37.2 
37.2 
424.00 42.4 
41.3 12s9 2 234.60 3.22 16.68 5.00 661.70 36.4 410.50 41.0 
12s9 3 238.40 3.27 19.00 5.70 686.90 37.8 406.90 40.6 
13s9 1 239.60 3.29 
3.23 
17.87 5.36 
5.47 
683.20 37.6 
36.5 
408.80 40.8 
40.7 13s9 2 221.00 3.03 18.38 5.51 669.00 36.8 413.50 41.3 
13s9 3 245.90 3.38 18.49 5.55 637.00 35.1 399.40 39.9 
14s9 1 221.50 3.04 
3.42 
18.93 5.68 
5.37 
690.00 38.0 
37.1 
426.40 42.6 
42.5 14s9 2 257.00 3.53 16.15 4.85 651.00 35.8 433.30 43.3 
14s9 3 269.60 3.70 18.63 5.59 682.80 37.6 416.10 41.6 
15s9 1 225.70 3.10 
3.22 
17.50 5.25 
5.30 
661.80 36.4 
35.6 
377.30 37.7 
38.5 15s9 2 253.40 3.48 17.63 5.29 619.80 34.1 367.70 36.7 
15s9 3 223.60 3.07 17.90 5.37 656.30 36.1 410.90 41.0 
16s9 1 274.50 3.77 
3.74 
21.80 6.54 
6.47 
840.40 46.3 
45.9 
538.60 53.8 
53.2 16s9 2 263.70 3.62 20.50 6.15 837.90 46.1 536.70 53.6 
16s9 3 279.90 3.84 22.40 6.72 820.70 45.2 520.90 52.0 
17s9 1 261.00 3.58 
3.72 
21.40 6.42 
6.20 
832.60 45.8 
45.2 
522.70 52.2 
50.9 17s9 2 288.30 3.96 20.50 6.15 812.20 44.7 502.80 50.2 
17s9 3 263.30 3.62 20.08 6.02 819.30 45.1 503.30 50.3 
18s9 1 306.00 4.20 
4.01 
20.33 6.10 
6.13 
833.50 45.9 
44.2 
512.50 51.2 
50.9 18s9 2 270.20 3.71 19.55 5.87 796.10 43.8 518.10 51.8 
18s9 3 299.10 4.11 21.40 6.42 776.30 42.7 498.90 49.8 
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Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
19s9 1 295.90 4.06 
3.95 
20.50 6.15 
6.31 
838.50 46.2 
46.3 
513.20 51.3 
50.5 19s9 2 306.10 4.20 21.20 6.36 837.10 46.1 501.50 50.1 
19s9 3 261.60 3.59 21.40 6.42 846.10 46.6 502.90 50.2 
20s9 1 283.00 3.89 
3.97 
20.15 6.05 
5.87 
870.10 47.9 
46.7 
500.10 50.0 
52.1 20s9 2 301.20 4.14 18.87 5.66 799.70 44.0 521.90 52.1 
20s9 3 284.10 3.90 19.67 5.90 873.30 48.1 542.50 54.2 
21s9 1 271.50 3.73 
3.99 
23.10 6.93 
6.83 
922.90 50.8 
51.1 
618.80 61.8 
61.2 21s9 2 282.30 3.88 23.50 7.05 894.40 49.2 606.30 60.6 
21s9 3 318.10 4.37 21.70 6.51 967.00 53.2 611.10 61.1 
22s9 1 279.60 3.84 
4.00 
21.80 6.54 
6.54 
881.00 48.5 
49.6 
576.40 57.6 
60.2 22s9 2 297.90 4.09 22.10 6.63 876.00 48.2 610.90 61.0 
22s9 3 295.90 4.06 21.50 6.45 944.20 52.0 621.50 62.1 
23s9 1 313.70 4.31 
4.22 
24.70 7.41 
7.25 
946.30 52.1 
52.1 
613.10 61.3 
61.4 23s9 2 343.30 4.71 22.50 6.75 924.20 50.9 623.00 62.3 
23s9 3 265.10 3.64 25.30 7.59 970.00 53.4 608.30 60.8 
24s9 1 297.80 4.09 
4.39 
21.70 6.51 
6.73 
944.70 52.0 
52.0 
599.20 59.9 
60.1 24s9 2 341.50 4.69 22.10 6.63 920.00 50.7 599.00 59.9 
24s9 3 247.80 3.40 23.50 7.05 971.00 53.5 607.30 60.7 
25s9 1 322.90 4.43 
4.33 
21.50 6.45 
6.77 
947.30 52.2 
53.3 
636.60 63.6 
63.2 25s9 2 325.90 4.48 23.00 6.90 696.40 38.3 626.10 62.6 
25s9 3 297.40 4.08 23.20 6.96 987.00 54.3 634.20 63.4 
26s9 1 326.90 4.49 
4.63 
27.20 8.16 
8.05 
1052.00 57.9 
55.5 
655.30 65.5 
68.2 26s9 2 377.80 5.19 25.40 7.62 962.00 53.0 695.10 69.5 
26s9 3 307.00 4.22 27.90 8.37 1012.00 55.7 696.80 69.6 
27s9 1 361.80 4.97 
4.44 
28.40 8.52 
7.69 
1048.00 57.7 
56.6 
694.80 69.4 
69.7 27s9 2 297.50 4.09 26.30 7.89 978.00 53.9 704.90 70.4 
27s9 3 310.10 4.26 22.20 6.66 1057.00 58.2 693.60 69.3 
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Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
28s9 1 352.20 4.84 
4.72 
28.80 8.64 
8.30 
1040.00 57.3 
55.1 
702.80 70.2 
69.0 28s9 2 358.40 4.92 26.40 7.92 927.20 51.1 699.50 69.9 
28s9 3 319.50 4.39 27.80 8.34 1035.00 57.0 668.50 66.8 
29s9 1 320.70 4.40 
4.55 
26.50 7.95 
7.74 
997.00 54.9 
52.7 
641.20 64.1 
63.0 29s9 2 349.20 4.80 25.50 7.65 919.70 50.6 663.60 66.3 
29s9 3 324.00 4.45 25.40 7.62 955.00 52.6 585.20 58.5 
30s9 1 306.90 4.21 
4.53 
25.20 7.56 
7.68 
990.00 54.5 
54.6 
666.90 66.6 
66.6 30s9 2 364.60 5.01 26.40 7.92 968.00 53.3 659.80 65.9 
30s9 3 318.40 4.37 25.20 7.56 1017.00 56.0 673.00 67.3 
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Table B.9:  NSC data set generated from Senussi’s (2004) investigation 
Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
1s10 1 193.10 2.65 
2.67 
14.67 4.40 
4.54 
398.50 21.9 
21.8 
234.70 23.4 
23.8 1s10 2 198.60 2.73 14.55 4.37 388.10 21.3 237.30 23.7 
1s10 3 192.60 2.64 16.19 4.86 401.70 22.1 243.40 24.3 
2s10 1 162.70 2.23 
2.33 
13.39 4.02 
4.00 
328.00 18.0 
17.7 
204.40 20.4 
20.3 2s10 2 176.70 2.43 13.01 3.90 308.60 17.0 198.50 19.8 
2s10 3 168.90 2.32 13.58 4.07 326.90 18.0 206.80 20.6 
3s10 1 189.70 2.60 
2.61 
14.26 4.28 
4.24 
372.10 20.5 
21.4 
255.90 25.5 
25.2 3s10 2 186.60 2.56 14.86 4.46 313.30 17.2 252.50 25.2 
3s10 3 194.10 2.67 13.23 3.97 407.80 22.4 248.90 24.8 
4s10 1 200.60 2.75 
2.62 
12.76 3.83 
4.03 
408.10 22.4 
22.4 
245.80 24.5 
24.5 4s10 2 189.60 2.60 13.84 4.15 396.00 21.8 250.00 25.0 
4s10 3 182.90 2.51 13.66 4.10 415.60 22.9 241.50 24.1 
5s10 1 187.30 2.57 
2.57 
16.19 4.86 
4.30 
374.60 20.6 
20.6 
222.60 22.2 
22.6 5s10 2 184.40 2.53 12.46 3.74 370.20 20.4 232.10 23.2 
5s10 3 189.00 2.60 14.35 4.31 380.70 20.9 224.70 22.4 
6s10 1 241.80 3.32 
3.19 
17.51 5.25 
5.39 
526.40 29.0 
29.3 
326.90 32.6 
32.3 6s10 2 225.90 3.10 18.07 5.42 436.60 24.0 317.20 31.7 
6s10 3 228.90 3.14 18.34 5.50 539.60 29.7 326.10 32.6 
7s10 1 244.20 3.35 
3.41 
17.89 5.37 
5.18 
517.70 28.5 
29.0 
329.00 32.9 
32.4 7s10 2 255.60 3.51 18.69 5.61 512.40 28.2 326.70 32.6 
7s10 3 244.20 3.35 15.20 4.56 552.00 30.4 318.60 31.8 
8s10 1 261.20 3.59 
3.45 
18.72 5.62 
5.55 
546.10 30.1 
29.4 
341.10 34.1 
34.5 8s10 2 247.20 3.39 18.94 5.68 533.70 29.4 352.30 35.2 
8s10 3 244.90 3.36 17.85 5.36 522.30 28.7 343.50 34.3 
9s10 1 232.80 3.20 
3.20 
17.77 5.33 
5.18 
551.70 30.4 
28.5 
339.00 33.9 
33.8 9s10 2 236.40 3.25 17.48 5.24 529.40 29.1 344.00 34.4 
9s10 3 229.20 3.15 16.57 4.97 472.00 26.0 332.40 33.2 
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Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
10s10 1 242.40 3.33 
3.30 
16.84 5.05 
5.28 
508.80 28.0 
29.0 
328.50 32.8 
32.5 10s10 2 266.10 3.65 18.36 5.51 528.30 29.1 321.80 32.1 
10s10 3 213.20 2.93 17.56 5.27 545.60 30.0 325.80 32.5 
11s10 1 280.60 3.85 
3.90 
19.35 5.81 
5.97 
670.10 36.9 
36.9 
412.60 41.2 
42.0 11s10 2 280.60 3.85 20.17 6.05 664.00 36.5 419.30 41.9 
11s10 3 291.80 4.01 20.15 6.05 678.70 37.4 429.10 42.9 
12s10 1 291.90 4.01 
3.85 
18.66 5.60 
5.85 
699.50 38.5 
38.4 
453.10 45.3 
44.6 12s10 2 278.50 3.82 20.36 6.11 668.50 36.8 446.50 44.6 
12s10 3 271.50 3.73 19.52 5.86 726.60 40.0 439.70 43.9 
13s10 1 302.60 4.16 
4.09 
18.78 5.63 
5.74 
751.00 41.3 
40.2 
457.00 45.7 
46.0 13s10 2 301.30 4.14 19.24 5.77 686.60 37.8 457.90 45.7 
13s10 3 289.90 3.98 19.41 5.82 752.10 41.4 466.20 46.6 
14s10 1 278.00 3.82 
3.91 
20.45 6.14 
5.90 
637.90 35.1 
35.6 
397.60 39.7 
39.4 14s10 2 288.70 3.96 17.93 5.38 625.30 34.4 389.40 38.9 
14s10 3 288.30 3.96 20.60 6.18 679.60 37.4 394.90 39.4 
15s10 1 278.60 3.83 
3.81 
20.16 6.05 
6.08 
741.50 40.8 
40.3 
447.70 44.7 
45.5 15s10 2 263.50 3.62 20.16 6.05 693.80 38.2 456.90 45.6 
15s10 3 290.90 3.99 20.51 6.15 758.30 41.7 460.80 46.0 
16s10 1 344.60 4.73 
4.72 
21.60 6.48 
6.57 
940.90 51.8 
50.2 
597.10 59.7 
59.4 16s10 2 345.70 4.75 21.80 6.54 841.40 46.3 588.50 58.8 
16s10 3 341.10 4.68 22.30 6.69 953.60 52.5 597.50 59.7 
17s10 1 372.90 5.12 
4.92 
26.20 7.86 
7.17 
961.00 52.9 
52.8 
624.30 62.4 
62.5 17s10 2 345.90 4.75 21.60 6.48 927.10 51.0 620.50 62.0 
17s10 3 355.10 4.88 23.90 7.17 991.00 54.6 630.90 63.0 
18s10 1 305.20 4.19 
4.40 
23.60 7.08 
6.81 
933.50 51.4 
50.8 
639.40 63.9 
63.8 18s10 2 333.10 4.57 22.50 6.75 911.50 50.2 633.10 63.3 
18s10 3 322.40 4.43 22.00 6.60 622.50 34.3 643.50 64.3 
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Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
19s10 1 333.90 4.59 
4.41 
20.90 6.27 
6.64 
937.70 51.6 
52.5 
624.60 62.4 
63.0 19s10 2 334.80 4.60 21.66 6.50 933.20 51.4 631.50 63.1 
19s10 3 295.10 4.05 23.80 7.14 991.00 54.6 634.90 63.4 
20s10 1 322.50 4.43 
4.66 
21.63 6.49 
6.64 
919.70 50.6 
49.1 
603.10 60.3 
60.4 20s10 2 356.80 4.90 22.10 6.63 827.60 45.6 603.00 60.3 
20s10 3 338.20 4.64 22.70 6.81 928.60 51.1 606.90 60.6 
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Table B.10:  NSC data set generated from Senussi’s (2004) investigation 
Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
1s11 1 175.10 2.40 
2.58 
14.18 4.25 
4.33 
438.40 24.1 
22.6 
325.50 32.5 
32.8 1s11 2 196.90 2.70 14.96 4.49 383.40 21.1 339.40 33.9 
1s11 3 192.60 2.64 14.13 4.24 282.10 15.5 319.40 31.9 
2s11 1 182.30 2.50 
2.56 
13.45 4.04 
4.14 
423.10 23.3 
22.3 
293.40 29.3 
30.0 2s11 2 197.10 2.71 13.99 4.20 268.90 14.8 305.80 30.5 
2s11 3 179.00 2.46 13.94 4.18 387.00 21.3 303.00 30.3 
3s11 1 209.00 2.87 
2.78 
15.27 4.58 
4.41 
462.20 25.4 
23.5 
351.40 35.1 
33.9 3s11 2 218.80 3.00 14.19 4.26 404.80 22.31 330.10 33.0 
3s11 3 178.60 2.45 14.67 4.40 416.30 22.9 337.70 33.7 
4s11 1 208.10 2.86 
2.89 
15.30 4.59 
4.44 
480.00 26.4 
26.3 
345.80 34.5 
34.4 4s11 2 215.20 2.96 15.00 4.50 451.40 24.8 344.70 34.4 
4s11 3 208.80 2.87 14.10 4.23 503.60 27.7 344.00 34.4 
5s11 1 213.80 2.94 
2.81 
15.40 4.62 
4.54 
466.30 25.7 
24.1 
335.80 33.5 
34.0 5s11 2 194.30 2.67 15.77 4.73 415.90 22.9 332.40 33.2 
5s11 3 204.70 2.81 14.27 4.28 432.50 23.8 351.70 35.1 
6s11 1 255.50 3.51 
3.58 
18.08 5.42 
5.40 
627.10 34.5 
31.8 
501.80 50.1 
50.0 6s11 2 270.50 3.71 17.65 5.30 526.90 29.0 498.50 49.8 
6s11 3 256.60 3.52 18.25 5.48 734.60 40.4 500.00 50.0 
7s11 1 282.90 3.88 
3.62 
18.22 5.47 
5.32 
607.10 33.4 
34.7 
521.80 52.1 
50.5 7s11 2 266.70 3.66 17.29 5.19 590.10 32.5 497.50 49.7 
7s11 3 242.10 3.32 17.71 5.31 694.70 38.2 497.60 49.7 
8s11 1 260.40 3.58 
3.68 
18.16 5.45 
5.25 
616.50 33.9 
34.8 
501.90 50.1 
49.5 8s11 2 266.50 3.66 17.22 5.17 622.80 34.3 487.70 48.7 
8s11 3 277.10 3.81 17.08 5.12 657.60 36.2 495.90 49.5 
9s11 1 251.80 3.46 
3.81 
19.72 5.92 
5.36 
653.90 36.0 
36.7 
516.70 51.6 
51.4 9s11 2 291.20 4.00 16.39 4.92 646.60 35.6 508.40 50.8 
9s11 3 290.30 3.99 17.47 5.24 698.60 38.5 519.20 51.9 
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Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
10s11 1 280.10 3.85 
3.75 
18.82 5.65 
5.21 
692.20 38.1 
39.6 
525.10 52.5 
51.0 10s11 2 262.60 3.61 16.68 5.00 605.00 33.3 518.50 51.8 
10s11 3 276.30 3.79 16.55 4.97 745.90 41.1 488.20 48.8 
11s11 1 296.20 4.07 
4.01 
18.85 5.66 
5.61 
802.00 44.2 
41.4 
584.00 58.4 
57.9 11s11 2 281.30 3.86 18.35 5.51 693.60 38.2 584.30 58.4 
11s11 3 297.60 4.09 18.91 5.67 762.80 42.0 570.60 57.0 
12s11 1 308.10 4.23 
4.10 
19.40 5.82 
5.56 
751.40 41.4 
40.7 
568.00 56.8 
57.7 12s11 2 317.90 4.37 18.62 5.59 765.80 42.2 577.10 57.7 
12s11 3 270.30 3.71 17.56 5.27 703.50 38.7 586.10 58.6 
13s11 1 285.30 3.92 
3.91 
18.71 5.61 
5.63 
753.90 41.5 
41.8 
587.60 58.7 
59.1 13s11 2 267.50 3.67 19.91 5.97 733.40 40.4 581.30 58.1 
13s11 3 301.90 4.15 17.72 5.32 792.00 43.6 604.50 60.4 
14s11 1 272.40 3.74 
3.66 
17.54 5.26 
5.43 
702.30 38.7 
36.7 
595.10 59.5 
57.6 14s11 2 256.60 3.52 18.92 5.68 630.90 34.7 576.50 57.6 
14s11 3 270.00 3.71 17.81 5.34 468.90 25.8 557.90 55.7 
15s11 1 273.40 3.75 
3.92 
18.59 5.58 
5.68 
795.40 43.8 
43.1 
572.00 57.2 
58.0 15s11 2 299.90 4.12 19.96 5.99 761.00 41.9 594.80 59.4 
15s11 3 283.60 3.89 18.27 5.48 793.70 43.7 574.70 57.4 
16s11 1 281.40 3.86 
3.61 
19.05 5.72 
5.82 
810.40 44.6 
43.2 
591.70 59.1 
60.2 16s11 2 249.50 3.43 19.83 5.95 822.10 45.3 599.99 60.0 
16s11 3 256.80 3.53 19.36 5.81 724.10 39.9 614.20 61.4 
17s11 1 301.70 4.14 
4.00 
20.50 6.15 
6.08 
838.00 46.1 
46.2 
616.30 61.6 
61.3 17s11 2 287.10 3.94 20.50 6.15 793.90 43.7 623.10 62.3 
17s11 3 286.00 3.93 19.76 5.93 885.70 48.8 600.40 60.0 
18s11 1 301.40 4.14 
4.01 
21.50 6.45 
6.11 
849.60 46.8 
43.9 
556.70 55.6 
60.0 18s11 2 280.40 3.85 20.50 6.15 750.80 41.3 650.00 65.0 
18s11 3 294.20 4.04 19.06 5.72 790.50 43.5 595.70 59.5 
19s11 1 287.80 3.95 
3.83 
15.76 4.73 
5.38 
810.70 44.6 
42.0 
591.00 59.1 
58.8 19s11 2 274.40 3.77 18.65 5.60 743.00 40.9 565.30 56.5 
19s11 3 273.90 3.76 19.42 5.83 735.60 40.5 609.40 60.9 
20s11 1 275.10 3.78 
3.77 
17.48 5.24 
5.27 
795.00 43.8 
43.8 
556.30 55.6 
58.7 20s11 2 273.50 3.76 17.81 5.34 771.00 42.4 585.40 58.5 
20s11 3 274.80 3.77 17.39 5.22 822.80 45.3 620.40 62.0 
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HSC data set from literature review 
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Table C.1: HSC data set from literature review summarised in Chapter 3 Table 3.2 
Batch f't (N/mm2) MOR (N/mm2) fc (N/mm2) Age at testing (days) 
P64 2.81 3.84 30.8 7 
P64 3.67 5.30 40.1 10 
P5 4.60 4.50 90.4 28 1.70 3.30 72.0 
P23 
5.18 8.27 56.7 
28 
6.06 8.92 69.5 
7.23 11.02 86.9 
3.93 5.89 56.7 
4.70 7.06 69.5 
5.42 8.05 86.9 
P30 5.10 6.90 78.5 28 
P32 
5.20 6.60 57.6 
28 
5.40 5.90 66.4 
4.90 5.70 68.8 
4.40 5.80 78.8 
4.50 4.60 67.4 
5.00 5.30 63.3 
P38 4.71 8.97 80.1 28 
P42 
3.40 5.33 39.3 
28 
3.44 5.37 44.0 
3.98 5.42 54.6 
4.22 5.44 58.9 
4.49 5.64 59.1 
4.95 6.30 59.5 
5.07 6.88 63.3 
5.24 6.90 68.2 
5.70 6.95 71.4 
5.80 7.00 72.8 
5.83 7.07 74.5 
5.90 7.16 81.0 
6.00 7.39 89.6 
P53 6.45 9.98 93.4 28 
6.45 10.36 93.4 
P59 
5.60 7.20 81.9 
28 
4.90 7.00 73.4 
5.30 7.30 74.7 
4.90 7.00 73.4 
4.50 6.30 67.6 
4.90 7.00 73.4 
4.10 7.10 78.4 
4.10 7.10 78.4 
4.30 6.50 59.5 
3.50 5.40 45.8 
3.80 6.70 65.2 
4.30 6.90 70.7 
P61 4.35 9.50 80.2 28 3.29 4.58 41.5 
P67 4.20 5.60 40.0 28 4.80 5.80 51.0 
P37 6.30 9.80 90.0 135 
P64 1.83 1.30 35.6 365 
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Table D.1: High strength silica fume concrete (HSC) data set generated from Senussi’s (2004) investigation 
Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
1s5 1 441.60 6.06 
6.67 
32.20 9.66 
9.62 
1299.00 71.5 
69.0 
837.20 82.8 
84.6 1s5 2 508.40 6.98 31.70 9.51 1249.00 68.8 862.40 86.2 
1s5 3 507.30 6.97 32.30 9.69 1212.00 66.7 855.60 84.7 
2s5 1 446.10 6.13 
6.29 
33.50 9.95 
9.54 
1413.00 77.8 
74.7 
871.10 87.1 
86.9 2s5 2 462.60 6.35 32.50 9.65 1274.00 70.2 863.00 86.3 
2s5 3 467.20 6.39 30.10 9.03 1384.00 76.2 874.90 87.4 
3s5 1 467.40 6.42 
6.47 
32.00 9.50 
8.85 
1379.00 76.0 
74.7 
904.70 90.4 
89.9 3s5 2 456.70 6.27 28.80 8.64 1293.00 71.2 912.80 91.2 
3s5 3 490.00 6.73 28.00 8.40 1399.00 77.1 880.90 88.0 
4s5 1 508.30 6.98 
6.89 
31.10 9.24 
9.48 
1387.00 76.4 
76.9 
902.50 90.2 
91.2 4s5 2 493.80 6.78 30.30 9.00 1396.00 76.9 930.20 92.1 
4s5 3 503.80 6.92 34.30 10.19 1405.00 77.4 923.20 91.4 
5s5 1 502.60 6.88 
6.59 
31.70 9.42 
9.50 
1324.00 72.9 
72.3 
862.40 85.3 
86.3 5s5 2 449.90 6.18 32.50 9.65 1296.00 71.4 876.00 87.6 
5s5 3 489.30 6.72 31.70 9.42 1319.00 72.6 870.00 86.1 
6s5 1 534.10 7.33 
7.67 
39.40 11.70 
11.57 
1586.00 87.4 
85.4 
941.90 93.2 
96.1 6s5 2 579.60 7.96 38.30 11.49 1545.00 85.1 973.00 97.3 
6s5 3 562.80 7.73 38.40 11.52 1523.00 83.9 979.00 97.9 
7s5 1 515.40 7.08 
6.95 
36.60 10.87 
10.59 
1472.00 81.1 
77.5 
902.30 90.2 
91.4 7s5 2 489.90 6.73 33.90 10.07 1352.00 74.5 939.80 93.9 
7s5 3 513.60 7.05 36.10 10.83 1400.00 77.1 902.10 90.2 
8s5 1 504.60 6.93 
6.99 
35.00 10.50 
10.28 
1438.00 79.2 
76.1 
885.70 87.6 
89.0 8s5 2 511.30 7.02 33.30 9.99 1332.00 73.4 910.20 90.1 
8s5 3 511.70 7.03 34.50 10.35 1375.00 75.7 900.80 89.1 
9s5 1 524.90 7.21 
7.37 
34.70 10.41 
10.45 
1466.00 80.7 
81.6 
953.10 95.3 
95.2 9s5 2 548.30 7.53 35.80 10.74 1474.00 81.2 964.40 96.4 
9s5 3 406.30 5.58 34.00 10.20 1504.00 82.8 939.00 93.9 
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Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
10s5 1 507.60 6.97 
6.67 
35.30 10.49 
10.41 
1410.00 77.7 
81.9 
921.30 91.2 
92.7 10s5 2 501.60 6.89 34.90 10.37 1511.00 83.2 935.20 92.5 
10s5 3 448.30 6.16 34.60 10.38 1538.00 84.7 952.80 94.3 
11s5 1 582.00 7.99 
7.81 
42.50 12.62 
11.72 
1589.00 87.5 
87.4 
1006.00 100.6 
101.7 11s5 2 549.80 7.55 37.80 11.34 1537.00 84.7 1029.00 102.9 
11s5 3 573.90 7.88 37.70 11.20 1636.00 90.1 1016.00 101.6 
12s5 1 534.70 7.34 
7.00 
37.70 11.31 
11.34 
1598.00 88.0 
84.0 
984.00 98.4 
97.5 12s5 2 524.50 7.20 38.40 11.52 1435.00 79.0 979.00 97.9 
12s5 3 470.10 6.46 37.30 11.19 1544.00 85.0 963.70 96.3 
13s5 1 435.10 5.97 
6.80 
37.70 11.31 
11.80 
1679.00 92.5 
87.0 
1005.00 100.5 
100.4 13s5 2 511.80 7.03 37.80 11.34 1505.00 82.9 1009.00 100.9 
13s5 3 538.80 7.40 42.50 12.75 1554.00 85.6 998.00 99.8 
14s5 1 528.30 7.25 
7.38 
37.20 11.16 
10.84 
1518.00 83.6 
83.4 
965.90 96.5 
97.1 14s5 2 527.70 7.25 36.40 10.92 1538.00 84.7 985.00 98.5 
14s5 3 555.40 7.63 34.80 10.44 1487.00 81.9 963.80 96.3 
15s5 1 465.20 6.39 
6.61 
36.80 11.04 
11.07 
1566.00 86.3 
85.4 
964.70 96.4 
97.2 15s5 2 487.40 6.69 37.60 11.28 1515.00 83.4 980.00 98.0 
15s5 3 491.40 6.75 36.30 10.89 1569.00 86.4 973.30 97.3 
16s5 1 435.50 5.98 
5.35 
38.70 11.61 
11.54 
1512.00 83.3 
79.8 
984.00 98.4 
96.3 16s5 2 344.00 4.72 37.70 11.31 1350.00 74.4 962.00 96.2 
16s5 3 544.20 7.47 39.00 11.70 1487.00 81.9 943.80 94.3 
17s5 1 529.70 7.27 
7.36 
39.90 11.97 
12.01 
1632.00 89.9 
90.1 
995.00 99.5 
99.4 17s5 2 530.60 7.29 37.40 11.22 1641.00 90.4 974.00 97.4 
17s5 3 548.50 7.53 42.80 12.84 1377.00 75.8 1013.00 101.3 
18s5 1 495.40 6.80 
6.99 
41.10 12.33 
11.92 
1507.00 83.0 
83.3 
972.00 97.2 
100.0 18s5 2 478.30 6.57 37.70 11.31 1386.00 76.3 1016.00 101.6 
18s5 3 552.90 7.59 40.40 12.12 1644.00 90.6 1012.00 101.2 
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Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
19s5 1 504.10 6.92 
6.76 
40.90 12.27 
12.03 
1586.00 87.4 
86.4 
977.00 97.7 
99.4 19s5 2 488.20 6.70 41.10 12.33 1649.00 90.8 1011.00 101.1 
19s5 3 484.60 6.65 38.30 11.49 1471.00 81.0 994.00 99.4 
20s5 1 485.50 6.67 
6.96 
40.40 12.12 
12.23 
1656.00 91.2 
89.1 
992.00 99.2 
99.0 20s5 2 531.60 7.30 40.70 12.21 1559.00 85.9 981.00 98.1 
20s5 3 502.80 6.90 41.20 12.36 1639.00 90.3 998.00 99.8 
21s5 1 531.00 7.29 
7.33 
43.80 13.14 
12.86 
1805.00 99.4 
94.3 
1023.00 102.3 
103.0 21s5 2 567.60 7.79 40.90 12.27 1681.00 92.6 1042.00 104.2 
21s5 3 502.10 6.89 43.90 13.17 1648.00 90.8 1027.00 102.7 
22s5 1 468.50 6.43 
6.92 
39.30 11.79 
12.31 
1735.00 95.6 
92.1 
995.00 99.5 
100.0 22s5 2 507.00 6.96 42.00 12.60 1657.00 91.3 1002.00 100.2 
22s5 3 535.30 7.35 41.80 12.54 1622.00 89.3 1005.00 100.5 
23s5 1 542.70 7.45 
7.43 
41.40 12.42 
11.40 
1612.00 88.8 
86.7 
970.00 97.0 
96.7 23s5 2 534.80 7.34 37.60 11.28 1550.00 85.4 956.20 95.6 
23s5 3 546.20 7.50 35.00 10.50 1561.00 86.0 977.00 97.7 
24s5 1 508.10 6.98 
7.20 
38.30 11.49 
11.54 
1676.00 92.3 
88.4 
987.00 98.7 
98.2 24s5 2 529.20 7.27 39.10 11.73 1518.00 83.6 962.80 96.2 
24s5 3 535.50 7.35 38.00 11.40 1621.00 89.3 998.00 99.8 
25s5 1 504.60 6.93 
7.06 
37.80 11.34 
11.55 
1602.00 88.2 
85.4 
987.00 98.7 
97.8 25s5 2 520.60 7.15 39.40 11.82 1532.00 84.4 994.00 99.4 
25s5 3 517.50 7.11 38.30 11.49 1515.00 83.4 955.80 95.5 
26s5 1 501.60 6.89 
7.21 
40.20 12.06 
12.17 
1664.00 91.7 
92.8 
1036.00 103.6 
104.5 26s5 2 529.30 7.27 37.30 11.19 1701.00 93.7 1052.00 105.2 
26s5 3 544.80 7.48 44.20 13.26 1690.00 93.1 1047.00 104.7 
27s5 1 494.70 6.79 
7.05 
38.10 11.43 
11.66 
1618.00 89.1 
88.4 
958.00 95.8 
97.9 27s5 2 487.30 6.69 39.20 11.76 1573.00 86.6 972.00 97.2 
27s5 3 557.30 7.65 39.30 11.79 1626.00 89.6 1009.00 100.9 
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Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
28s5 1 539.70 7.41 
7.22 
37.30 11.19 
10.82 
1669.00 91.9 
90.5 
993.00 99.3 
99.2 28s5 2 514.60 7.07 37.70 11.31 1610.00 88.7 983.00 98.3 
28s5 3 524.10 7.20 33.20 9.96 1652.00 91.0 1002.00 100.2 
29s5 1 508.20 6.98 
6.94 
40.30 11.97 
11.71 
1696.00 93.4 
90.8 
1015.00 101.5 
100.1 29s5 2 503.60 6.92 40.10 11.91 1661.00 91.5 986.00 98.6 
29s5 3 505.40 6.94 37.50 11.25 1590.00 87.6 1003.00 100.3 
30s5 1 529.00 7.26 
7.31 
38.60 11.58 
11.69 
1539.00 84.8 
83.9 
961.60 96.1 
98.3 30s5 2 526.70 7.23 38.00 11.40 1549.00 85.3 998.00 99.8 
30s5 3 541.00 7.43 40.30 12.09 1481.00 81.6 991.00 99.1 
31s5 1 442.60 6.08 
5.87 
27.60 8.28 
8.33 
1240.00 68.3 
66.3 
757.60 75.7 
75.8 31s5 2 418.10 5.74 29.00 8.70 1153.00 63.5 760.90 76.0 
31s5 3 422.40 5.80 26.70 8.01 1221.00 67.2 757.10 75.7 
32s5 1 454.10 6.24 
6.47 
31.80 9.54 
9.34 
1248.00 68.7 
69.6 
793.20 79.3 
78.7 32s5 2 478.30 6.57 30.70 9.21 1251.00 68.9 794.70 79.4 
32s5 3 482.10 6.62 30.90 9.27 1290.00 71.0 774.80 77.4 
33s5 1 472.70 6.49 
6.21 
30.90 9.27 
9.58 
1255.00 69.1 
69.4 
806.30 80.6 
79.4 33s5 2 452.30 6.21 31.40 9.42 1247.00 68.7 788.40 78.8 
33s5 3 432.70 5.94 33.50 10.05 1277.00 70.3 789.10 78.9 
34s5 1 460.70 6.33 
6.38 
30.00 9.00 
9.41 
1270.00 69.9 
69.1 
804.80 80.4 
79.9 34s5 2 431.40 5.92 30.80 9.24 1195.00 65.8 803.80 80.3 
34s5 3 501.90 6.89 33.30 9.99 1297.00 71.4 790.60 79.0 
35s5 1 456.70 6.27 
6.15 
31.60 9.48 
9.50 
1270.00 69.9 
68.9 
807.60 80.7 
79.1 35s5 2 457.10 6.28 32.30 9.69 1220.00 67.2 794.10 79.4 
35s5 3 430.50 5.91 31.10 9.33 1264.00 69.6 772.30 77.2 
36s5 1 444.50 6.10 
5.90 
28.9 8.67 
8.88 
1192.00 65.6 
64.9 
720.40 72.0 
73.0 36s5 2 413.80 5.68 30.8 9.24 1166.00 64.2 734.60 73.4 
36s5 3 430.10 5.91 29.1 8.73 932.00 51.3 735.20 73.5 
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Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
37s5 1 437.90 6.01 
6.06 
30.1 9.03 
8.74 
1176.00 64.8 
64.5 
746.80 74.6 
73.8 37s5 2 444.00 6.10 27.7 8.31 961.00 52.9 728.40 72.8 
37s5 3 442.10 6.07 29.6 8.88 1166.00 64.2 741.20 74.1 
38s5 1 447.30 6.14 
6.07 
28.4 8.52 
8.58 
1202.00 66.2 
65.3 
724.30 72.4 
73.5 38s5 2 447.70 6.15 29.5 8.85 1151.00 63.4 736.70 73.6 
38s5 3 431.90 5.93 27.9 8.37 1202.00 66.2 744.20 74.4 
39s5 1 470.00 6.45 
6.53 
30.6 9.18 
9.11 
1238.00 68.2 
67.5 
789.10 78.9 
78.0 39s5 2 480.80 6.60 31 9.30 1184.00 65.2 767.80 76.7 
39s5 3 353.80 4.86 29.5 8.85 1255.00 69.1 785.30 78.5 
40s5 1 450.30 6.18 
6.16 
29.3 8.79 
8.91 
1188.00 65.4 
66.2 
744.20 74.4 
74.3 40s5 2 460.40 6.32 30.1 9.03 1205.00 66.4 732.60 73.2 
40s5 3 435.30 5.98 29.7 8.91 1215.00 66.9 754.40 75.4 
41s5 1 367.3 5.04 
5.10 
24.8 7.44 
7.59 
964.4 53.1 
54.3 
628.6 62.8 
62.1 41s5 2 369.6 5.08 27.3 8.19 618.9 34.1 619.3 61.9 
41s5 3 377.9 5.19 23.8 7.14 1008 55.5 616.6 61.6 
42s5 1 299.3 4.11 
4.23 
20.55 6.17 
6.28 
829.6 45.7 
44.8 
495.9 49.5 
49.8 42s5 2 310.8 4.27 21.2 6.36 798.9 44.0 499.4 49.9 
42s5 3 314.3 4.32 21 6.30 609.3 33.5 500 50.0 
43s5 1 279.1 3.83 
3.81 
19.95 5.99 
6.25 
671.7 37.0 
38.1 
402.9 40.2 
40.6 43s5 2 262.5 3.60 22.8 6.84 685.6 37.7 397.9 39.7 
43s5 3 290.7 3.99 19.75 5.93 719.6 39.6 419.7 41.9 
44s5 1 402.5 5.53 
5.34 
26.7 8.01 
7.52 
1003 55.2 
54.0 
624.8 62.4 
61.8 44s5 2 394.1 5.41 25 7.50 930.9 51.3 631.7 63.1 
44s5 3 369.6 5.08 23.5 7.05 1009 55.6 598.7 59.8 
45s5 1 299.1 4.11 
4.16 
20.51 6.15 
6.02 
758 41.7 
40.6 
463.1 46.3 
46.1 45s5 2 293.6 4.03 18.92 5.68 730.7 40.2 460.6 46.0 
45s5 3 316.2 4.34 20.8 6.24 726.3 40.0 459.8 45.9 
46s5 1 357.2 4.91 
4.98 
22.7 6.81 
6.79 
949.9 52.3 
50.8 
574.9 57.4 
57.5 46s5 2 371.7 5.10 22.6 6.78 884.5 48.7 585.8 58.5 
46s5 3 358.1 4.92 22.6 6.78 931.9 51.3 565.2 56.5 
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Batch Load (N) f't (N/mm2) Average f't (N/mm2) Load (N) MOR (N/mm2) Average MOR (N/mm2) Load (N) fc (N/mm2) Average fc (N/mm2) Load (N) fcu (N/mm2) Average fcu (N/mm2) 
47s5 1 336.3 4.62 
4.89 
21.8 6.54 
6.71 
902.4 49.7 
50.1 
558.4 55.8 
54.5 47s5 2 360.5 4.95 22.1 6.63 905.3 49.8 521.3 52.1 
47s5 3 372.4 5.11 23.2 6.96 924.1 50.9 556.8 55.6 
48s5 1 321.5 4.41 
4.40 
22.9 6.87 
6.78 
890.8 49.0 
48.3 
527.1 52.7 
52.8 48s5 2 336.1 4.62 22 6.60 848.2 46.7 537.7 53.7 
48s5 3 302.9 4.16 22.9 6.87 891.7 49.1 520 52.0 
49s5 1 322.9 4.43 
4.54 
21.5 6.45 
6.56 
865 47.6 
46.3 
510 51.0 
50.6 49s5 2 360 4.94 21.6 6.48 799.8 44.0 501.4 50.1 
49s5 3 309.1 4.24 22.5 6.75 860 47.3 507.4 50.7 
50s5 1 403.2 5.54 
5.08 
26.3 7.89 
7.69 
987 54.3 
54.0 
597 59.7 
60.4 50s5 2 334.9 4.60 25.5 7.65 805.5 44.3 606.9 60.6 
50s5 3 371.2 5.10 25.1 7.53 975 53.7 609.4 60.9 
 
 
 
 
 
 
 
 
 
 
